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/ Preface

" TI,e w-rk (h-scril_t_! ill this Btport was perform(_! under the cog,..:ance of the
Marin_'r Mars 1971 Projt_.t.

" This five-volunw document constitutes the Mariner Mars 1971 Project Final
= Report. Volume ! consists of Projt_t devt,lopment through launch and trajecton'-

corr,'ction luant-tlxt'r. Volumt. I1 prt-sents the preliminary science results derived

: from data evaluation to Deer.tuber 14. 1971. (The information contained in Vol-
nmt"11has appeared in Science, Vol. 175, January 1972.) Volume 111 describes the

:- Mission Opt.rations System al_ covers flight operations after trajecton'-correction
mant,uves through the standard orbital mission up to the onset of solar occultations

_ in April 197_ Volume IV consists of the science results derived from the standard
orbital mission and some preliminan" interpretations of the data obtained
from the extendt_! mission. Volume V is an evaluation of mission suce_._ based

\ upon c_mparisons of science results _lith the expt,riment objectives.

; Detailed information on Project organization, Project policies and requirements,
subs.vstem development, and other tt_ehnical subjects has been excluded from the

Proit_ct Final Report volumes. Where appropriate, reference is made to the JPL
_. informal documentation containing this information. The development of most

Mad_wr 9 sul)svstems is documented in JPL Technical Memorandums.

' 'e_ .

" _,'-gg'x-;
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7

- Abstract

- " This Technical Report contains sci,.nce results from the mission of Marimer 9.
_, tilt' first planetary orbitin_ spacecraft, Mariner .9 was inserted into Mars orbit oil

N_vemlu'r 14, 1971, and expirt_l on October 27, 1972. A summary of significont
.. ":"" mission events i_ also included.

-". Mariner 9 observed the impact-cratertxl surface of Mars, discovered volcanic
.:" mounta:ns, rift valleys, tectonic faulLs, and various types of terrain showing

": evith.nee of fluvial and wind erosion. It rt_x_rded an atmosphere with a complex

: meteorolotLv of clouds, storms, anti weather fronts; and photographed Phobos and
•' l)eimos, the two satellites of Mars. The results of analyses derived from these

ul)servations art' presented in this Report. They have been written by individual

"- experimenters or by memlx'rs of the experiment teams and represent analysis

efforts through November 1972.

g,

f

-_:_*. JIq.TECHNICALREPORTU.INO, VOI..IV _dx
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n _,: BLANK i','OT FII.MED
PRBCL2)LNG _-_"-

" Note to Data Users

, Natio,,d Aeronautics and Space Administration (NASA) policy requires that
(.xpcrinr.ntal data acquired from NA,"iA-SlXmsored missions be deposited in the
Xati-n,d Space Science Data Center' INSSDCL These data are then availabh.

• to the _c_,'ral science uscr at (hstributio,_ costs determined by NSSDC. The con-

_i tent of the fih'd (lata i_ n('_otiated with each experiment's Principal Investigator

/ ,u.d is depc,dent on the instrumentation used. Generally, the attempt is to store
the rt,ccivt,d experimer d dat,, after proc't_sing to remove instrumental distof
tions and effects. Results of analysis are not maintc,ined at NSSDC. Inquiries
rcgardin_ the specific nature of the Maril_'r 9 data available should be made to
NSSDC.

More explicit guidance can be _iven for the Mariner 9 television pictures,
. CSlx'cially with respect to the material used in this Report. The pictures are

d(.rived from five processing sources:

11 lh'al time during operations (.MTV_, JPL).

(21 Reduced Data Becord (RDR: hnage Processing Laboratory, JPL).

t31 lh,ctified and Scaled (R&S: Image Proct.,ssing Laborato_-, JPL).

-. (4) Experimenter Analysis Support tEAS: Image Processing Laboratory, JPL).

(5) Special Processin_ (:ilL: Artificial Intelligence L_boratory., Stanford Uni-
versity).

The first two listed items (MTVS, RDR) for Mariner 9 pictures are available from
• NSSDC with supporting data primarily describing the !oeation of the pictures.

The R&S products were nmde only for "Mapping A frames" (wide-angle camera
pictures) and selected "B frames" (narrmv-angle camera picturesJ. These are also
available from NSSDC. EAS and AIL processing, by their nature, are specialized
to assist analysis. For general distrihution each picture would rt_luire an extensive

, description to clarify the processing, its intent, and cautions for interpretation.
Therefore, EAS and AIL processed pictures arc aot stored at NSSDC. Users wish-
ing copies of such material should communicate directly with the responsible

-. author.

Finally, some remarks about identification. B,_'_ause of the large number of
picture-s ami the man:" processed versions, a specific identification method was

: devised for ordering copies from NSSDC and for references. The picture identi-
fication must include (a) and either (b) or (c) including the designation MTVS

. or RDI'_or EAS, etc.

(a) DAS Time, an 8 digit number between 1,491,192 and 13,511,828. This
number is derived from a spacecraft clock and is common to all versions of the

"' same picture. It is also used to identify the supporting data and to c_,rrelate with

r : data from other Mariner 9 imtmments.

_NationalSpace ScienceData Center
NationalAtmnauticsand SpaceAdministration
GnddardSpt,ceFlightCenter
Greenbelt,Mmvland20771

._ JR 1T.CHN_U. Nklq)RT3Z-Illl0, VOL. IV xxi

"Z-_J_-=7
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t I)' M'F%'S Roll aml Fib" Nu,nlwr. of the form xxxx-x\. Th': first foo," digits ar_'

th, .M1"VS loll iillliib_'l" ,ilid an" norlnallv Ulllqile hlr each orbit. "l'ht" liunilil,r_

wt.rt, clliitrulh'd liv thl' acqui._ithlii s_'qut'nce of tht' spacl.crall opl,r,ilion. The

' rl,_li,iiiliii_ diTit_ art, till' fill, lil.llilll.r or st'l|lli'lltiil] position in thl' roll where' a

particular it'rsion of a pit'turc c,tn I)l, foiuid.

(c'_ RDR. R&S, EAS. aiid AlL products ,irl' kh,ntifii,d by all hn,i_c Proct,ssin,_

•i. I.alloratorv (IPl.I roll iillil prl_.l,ss tiint, of tht, forlll "'roll IlUll)l)i'r _ivt'n." ll.lllnt'rit',l|

• ilionth. ,la)'. )t';ir alld tilnl" Of day Ihour._. illinlltes, secollds in "_-i-holir liiGt'l.

Siinilar to thl' .Xl'FVS idt,ldifit.r, thl. IPL roll nuniller kh'ntifics thl, picturl" roll,

." .iild the proc_'ss ti,ll(, indic,ires the st.qui.ntial positit,1 within the roll. ttowcver,

tht" ordering of pictures ,led the nunlbcring art' controlled by the proct'ssing

si,(lucnce rt'questt.d and hax't, no formal relation to tht" .%ITVS or Sl,,,cecraft

acquisition sequence.

.More d_'taih'd information describing the Mariner 9 nlission, data acquisition.

and data prta:_'ssing, especially for the television imagery, can be found in Vol-
uines I. I1, and Volume II Addendum. of tile Mariner Mars 1971 Television

: Picture Catalog, JPL Technical Memorandum 33-585. Questions regardin_ the

availability and distribution of this Catalog should be addrc_sscxt to NSSDC.
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I Mat_.ri,d prilJh'd i.JJourmd _,f Gcopltysi,'al B,'_,','m'lh Vc;].7_. 19_'3'

I. An Overviewof GeologicResultsFrom Mariner 91
Harold Masursky

u. s. GeologicalSurvey,Flagstaff.Arizona86001

A. Introduction and Mission Summary and to make measurements until October 27. 197:2.More
than 54 hillion bits of information were transmitted to

This st,ction provides a summary of Mariner 9 mission Earth. More than 7300 pictures were taken of Mar._ and
operations insofar as they affected acquisition of _zeologic its satellites, about 1500 pictures of the planet were

"-. data. Selected results with a minimum of supporting evi- obtained by tile 50-ram foeal-h,ngth, wide-angle tcic-
dence are presented to give. as briefly as l_ossible, the vision camera, which has a resolution of 1 to 3 km (R_'[.
geologic highlights of the mission..More detailed dis- I-1). These pictures have been mosaicked into a pre-
cussions of various regional and topical problems are iiminary nmp of the entire surface of Mars at a scal-e

• given in other sections by various nwmbers of the Teh,- of 1:25,000.000; a preliminary shaded relief map, the
vision Tcam.-" Also included are hypotheses inferred from first detailed complete map of Mars, has been published
preliminary evidence, but which will have to await the at the same scale (Ref. I-2).
test of later geologic mapping and detailed topical

studie_ These hypotheses are included to call attention The narrow-angle camera (500-mm focal length) ac-
to areas in which potentially vahmble work can be per- quircd high-resolution pictures (100 to .300 m) of be-

, formed. It should be emphasized that many of tile obser- hveen 1 and 2% of :l,e sudace. Geodesy pictures taken
rations and hypotheses given have developed during
discussions with many of the members ot tile Television by the wide-angle camera from higher altitudes coscr
Team. My purpose here is to attempt a first distillation most of the southern hemisphere. These low-resolution

pictures (4 to 9 kin) were taken to provide control points
from the enormous body of facts and taeory generated for maps to be made from the high-resolution pictures.by the mission as a guide to the othe" sections in this
Report and to present the most salient geologic results Thirty photomosaic rmps at a scale of l.'i,000,000 also
that dist%_ai_h Mars as a planet both from Earth and have been made for preliminary analysis and plotting

:'_ the Mo, ,. of various types of data; later editions, based on improved
_" control and use of enhanced pictures, have beeh made

• " " _ (Ref. 1-3; also see Section XXXXIII of this Report); final
i Marine: 9 wa: launched from _apc Kennedy on May
i 30, 1971, and was inserted into Mars orbit on November maps will be made over the next several years.

i 13 (UT); the spacecraft continued to take pictures
i Many pictures were taken to show time variations
_ 1Publicationautl,,,dzedby theDirector,"O.S.GeologicalSurvey. in cloud cover, polar cap frost, and light and dark sur-

: [ tMembersot the ."earnare: H. Masutsky(leader), D. Arthur,R. face markings (Ref. 1-4; also see Section XIII of this
Batson,W. Borgeson,G. Briggs,M. Carr, P. Chandeysson,J. Cutts, Report) on the planet. The infrared intederometer spee-
M. Davies, G. de Vaucouleurs,W. tlartm,mn,J. Ledmberil,R. trometer (Ref. 1-5) and ultraviolet spectrometer (Refs.

i Lelshton,C. Leovy,E. Levinthati,J. McCauley,D. Milton,B.
' ._ Muraty,J. Pollack,C. Sagan. R. Sharp,E. Shipley, B. Smith,L. 141 and 1-7), in addition to acquiring the atmospheric

,%derblom,J. Veverka,R. Wildey, D. Wilhelms,A. Young. data, made pressure measurements from which the

.L _ _ TECHNICAL_ 9_t.1810, VOb IV 1
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_arto_r.q)hvr_ xxdl attc',q)t to c'o,nl)..c i.ic¢.,dcd c-.- to mo.itol tl. rttreat of tilt' north polar cap (Rcf.
tour m,q)s twd to occultation mcasure,nents (l{¢'fs. I-S 1-161. and to ,.tudv ehmd formation over the volcanic
,l,,l I-._Lal_o wc Section XXXVll of tl,i_ Report) and constructs such as Nix Ol.wnpia (Rt,f. I-1._.
E,u-th-b,lscd r,tdar _Rcf.s. I-1(I ,rod 1-ll}. S,stematic

_colo_ic mappm_ will Iw pcr|ormed on the final carto-
graphic products. Rectification. _caling. and additional B. Volcanic Features

"_ ,.,hanccmcnt of pictmcs and thcir integration with nu- The first features that emerged through the dust pall
' n,.lic,d rc_ult_ from the other ¢,\pcriment,. such ,is _ravity that blanketed the planct wt.rt, four dark .spots visihle
_ m,,asurcmcnt_ provided bv the celestial ,ncchanics ex- in high-altitude reconnaissance pictures, thtse spots
-' twrimenters _Ref. !-121. xxill allow more sophisticated later proved to be the four highest peaks on the phmet.

analysis, particularly al)out the thickness and density ot ('ach of xxhich is surmounted 1)v a summit erattr or

the cru_t, eomph'x of craters (Rcf. 1-18; Figure 1 of Ref. 1-19).
(;radual atmOsl_heric clearing revealed first the full extent

Because \lar_ i, a low-coutrast objvct, the pictures of the _reat volcanic pile of Nix Olympiea. which ri.,t's
must t," extensive! :'Omlmtt'r-enhanced to bring out high above the An,azonis basin floor (Figure 10 of Ref.
sulfact' detail. Supi_res_ion of electronic noise in the 1-2(_:Ref. 1-21/. (Estimates of its height by varioas meth-
telcxisi,n subsystem and upgrading of enh.,wvment ,_ds of altimetry wiry from S to 27 kin./ This single vol-
techniques, cspccially earh in the mission when dust canic edifice is about twice as wide as the largest of the
obscured the surface, allowed the image detad to lw tlawaiian volcanic pile and is about equal in volume to
made visibh' IRef. 1-13 I. the total extrusive mass of the Ilawaiian Islands chain.

The form of the flank flows and of the lava chamlels with

natural levees is strikingly similar to those of llawaii
"- With the los_ of Mariner S. extensivcly pre-plamwd and the C:dapagos. suggesting that the flows may I)e

different, but comph'mentary, objectives estahlished for basaltic in compositioil as on these comparable te,-restrial
both spacecraft had to be integrated into p_new mission structures (l/efs. 1-19 and 1-22L
plan for Mariner 9. On the arrival of Mariner 9 at

• Mars, the planet-wide dust storm that had been oh- The three other volcanoes, also of surprisingly large
served in late September was still raging (Ref. 1-14) size. lie along the Tharsis ridge. The summit of South

"' so that this conlph,x post-launch mission plan also had Spot, from current altimetry' data. lies more than 1.7 km
to be abandoned Reconnaissance pictures were taken above the floor of the Amazonis basio to t!_c west. This

until January 1 when the dust storm subsided sufficiently estimated elevation difference ahnost equals the maxi-
to be_i,1 mapping sequences along with selected pictures mum relief on Earth, which amounts to about 20 kin.
ta :en for geodesy, variable features, atmosphere, and The lava flows that radiate from the summit caldera

sr,ellite studies. This mode continued with numerous of South Spot are not long and thin as are those of Nix
succossive modifications brought on by operational con- Olympiea, but rather are sl;ort and stubby (Refs. 1-19
straints until 70% of the planet had heen mapped, and 1-21; also see Section II of this Report). This differ-

ence in form suggests probable differences in the corn-

After a period of 2 months, when pictures could not position of the flank flows. Those of South Spot are
be taken because of solar occultation, the mapping mis- clearly less fluid than those of Nix Olympica and may

"_ sion was resumed. During this period the northern spring be more silicic, possibly andesitic in composition. Short
season progressed, and the north polar hood had dis- stubby flows of similar appearance are common in the
appeared. Two new stars (Arcturus and Vega) were upper parts of some continental volcanoes such as Mt.

. used for the first time in any space program to orient Hood and Mr. Rainier.
'" the spacecraft in more favorable picture-taking attitudes,

thus allowing the remaining 30% of the planet in the It is possible that variation in temperature and gas

: northern hemisphere to be mapped. Some candidate content could account for these differences in flow
• landing sites for the Viking Program (Ref. 1-15) also morphology, rather than a difference in original composi-

were photographed. After another interruption of 6 tion. The lack of craters and the morphologic crispness
weeks during superior conjunction (Mars and the space- of the lava flows indicate that the upper layers of these
craft passed behind the Sun), the final extended mission large volcanoes are relatively young geologically, what-
picture sequences were taken to fill gaps in the photo- ever theil composition. The discovery of geologically
graphic coverage, to photograph areas o[ special interest, youthful, large volcanic structures indicates that Mars

"_ 2 JPL TECHNICALREPORT32.1550, VOL, IV

1973023947-022



],.. I_,'_t_ mt_ rz._Hx actixc. Their ieatur<'_ aNo provide a

p;,tu.:],]c' ,_ur(c J.r ]]]uch ot the _'arbon d]oxido and

lh, \.,_,'o.i. 1,;t_i. tl-or i_ coxert'd in many places _ ..
l,x . "lw_,'_i,m .t l.l,,d_'-h'ol '(' flows (Fig. l-lai that " ..
r,._,._Jl,h tc, l.qli,d h,t_alt ttow_ ,rod the I)a_alt flows that

i
fill tl...)at, b,l_ins o. the .Moon Fi_._. l-lb .rod I-l¢.''r. _ "

lJ' ,
. t _* ,

a

..... 4.-i
",_-'"J ' " 0 _0 _ ' )

"--> .) i , . , J

,, :',,. _ .i, ,,

, Fig. I-lC. Elongatelava flows in northernOceanusProcellarum
photographedby the metric cameraon Apollo 15.

0 I0 _" "20 _i_-_,_'_'

_ :_ • _i'_-" l.ow mare-type domes with su,nmit craters resemble
basaltic shield volcanoes common on both Earth and tht

• Moon. Domes of this type arc scattered over the basin
• Fig. I-la. Lobate lava flow front on basinfloor similar to basaltic floors in the Amazo,fis anti Elysiunl regions (Refs. 1-20

._ flows on Earth and the Moon. (MTVS 4179-30, DAS06966613) and 1-21: also see Section II of this Report).

_ . ._":S'. -If In some areas tile plains are slightly uplifted and trans-
• ,,_ . , , -i__ sooted by faults. Some of these ch)sely spaced horsts a,d

• "' _t_ , ,' graben are modified, often assuming a streamlined ap-

: _, 9 ", ' ._',,_ "., .... pearanee attributed to tile long-term effects of eolian
' , _ . erosion (Figs. 2a. 21) of Ref. 1-_: also see Figs. X-2a and

• _,;' ['_'t_,"W"_-_,¢ ' ' , X-2b of this Report). Craters are ,_ore abundant in these
"_'%'_'i__' _ : structured terraip, s than on unfaulted plains; the most

,, o obvious of these fauhed areas forms a large aureole

around Nix Olympica. These rocks may represent an

, ,' ' _ , _ earlier generation of lava flows related to ancestral Nix
• ,_. 4_" Olympica volcanisn_ (Ref. 1-21: also see Section 1I of

this Report).

." .. , Another type of volcanic feature is exemplified in the

_! ' Hesperia region (22°S. 253°W; see Ref. 1-19). This fea-
ture is characterized by a line of calderas in the center

" , of a pattt vn of circular and radiating faults and channels

* = ..... with irregularly distributed volcanic blankets. Th!_ un-
usual feature lies within an area of plains, and no large

Fig. I-lb. tunar Orbiter V p,_tolral_ th_anll_Itt flow trent volcanic pile or constructional edifice is evident (Ref.on the Moon in the central pert of the Imlxlum basin. Similar
flOWScollected at the Apollo landinl sl_ Me basaltic in corn- 1-24; also set' Section 1V of this Report). The channels
position, closely resemble terrestrial and lunar lava channels.
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Fig. I-2b. Polygonally broken filling of crater cut by fault; in-
ferred to be volcanic filling. Resemb:es terrestrial lava lakes that
have solidified. (MTVS 4174-27, DAS 06822588)

vents such as the craters a!ong the _outhwest rift z_mc
of _ _.,iauna I,oa, tlawaii ,R_,f. 1-311 are common in t_'r-

restrial areas with a si'nilar structural pattern. The s(.c.-
ond type. whi,.h occurs in tilt* floors of some Martian

Fig. I-2a. Mosaic of wide-angle pictures showing complex of craters (FIR. l-2b) alon_ fault zones, consists of pol.v-
" faults surrounding the volcanic structure in the Alba region. It

resembles terrestrial volcanic complexes with central cauldrons, gonal lJocks segmenting what appear to be frozen lava
(MTVS 4224-63, DAS 08443019; MTVS 4222-69, DAS 08371134; lakes in pit craters like those ncar the summit of Kilauea.

MTVS4222-57.DAS08370854) Hawaii. Craters of this type also occur on the ._loon.
where they have been calh'd "turtleback" craters (Fi_.

, I-2c). The third type of volcanic feature consists of
, Another example of a volcanic feature lies in tile Alba complex ridges 0mr arc commonly stet, per on one side

region (40°N. 110:W: Fig. I-2a). Herc an array of (Figs. I-3a and I-3b). They occur in areas where lobate
faults encircles a large depression in the central part of flow fronts and broad low domes imply basaltic vol-
a very low prominence. This depression resembles a
cauldron rather than a caldera. The morphology of these canism. They resemble the hmar mare ridges that are

., interpreted as fatdts along which basaltic lava has
deposits and their relati,m to the tectonic features re- squeezed upward. Similar squcezeups are common onsemble those of "crrestrial intracontinental volcanic cen-

t. ters such as those of Scotland (Rcfs. 1-25 through 1-27); terrestrial basalt flows, but on a much smaller sca!e.
:_ Norway (Ref. 1-28); New England (Ref. 1-29); and

Africa (Ref. 1-30) that contain more differentiated rocks

• _ of more variable composition than flood basalts and C. TectonicFeatures
_, shield volcanoes. These terrestrial volcanic centers, when Sloping eastward from the Tharsis ridge crest is a

_i large equatorial plateau or tableland. This plateau is
deeply eroded, commonly display ring and radial dikes,

ff cone sheets, and evidence of cauldron subsidence, broken by three sets of fractures trending east-west,

northwest, and northeasL The paucity of craters indicates
_ Three other types of volcanic features are well de- that the rocks underlying the plateau are geologically

L veloped. The first is typified by lines of craters 2 to 10 young. East of the mosaic of fault blocks, the graben
km in diameter along structural breaks parallel to major between blocks coalesce into the great equatorial canyon
graben (Figs. 25 and 28 of Ref. 1-20). Lines of volcanic or rift valley system ( Fig. 1-4), 6 km deep in places, that

4 JPL TECHNICAL REPORT 32-1550, VOL. IV
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Fig. I-3b. Narrow-angle view of Midd'e Spot showing radiating
Fig. I-2c. "Turtleback" lunar crater near crater Tycho photo- fracture with accompanying extrusives similar to lunar mare
graphed by Lunar Orbiter V; inferred to be volcanic filling of ridges. (MTVS 4096-81, DAS 04402170)
crater.

• -i- "

• ,_'_._;_:.

• _'2_.:-, .: -,,..&...:'"-,w,,;_"_ ,_

i_...lI_k7 _ ' '.. "!,'., , , " ,. ' , ,_ .".. _, ,=, ,. , _'_.._

Fig. I-3a. Wide.angle view of Middle Spot caldera. Fig. I-3c, Complex fracture with extrusives on floor of the
:: (MTVS 4081.3, DAS 03930239) Amezoni$ basin. (MTVS 4287.15, DAS 11443439)

: extends ahnost 501}0km to tile cast (Fig. I-Sa). Some terials into subsurface fissures•The steel_ lateral valleys
volcanism associatcd with the inferred faulting that initi- in places appear to be debris channels for mass wasted
ated these unanticipa_ ,tl Martian structures is suggested material. In other channels there are closed depressions

• by the previously mentioned lines of craters along frac- that may be degraded volcanic vents. The upper reaches
"" tures parallel to the main rift valley system. These chain of the shallow sinuot,_svalleys along the southern margin

craters, however, lack obvious rim deposits and alterna- of the rift valley system appear to require formational
tively could be tile product of collapse of surficial ma- processes other than mass wasting (Ref. 1-32).
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Fig. I-4, Mosaicof Mariner9 wide.anglepicturesof rift valleysystemshowingtermination
inthefaultcomplexat thewestendwheretheareastandshighest.

Along the cliifs bounding the high plateau, layers and D. Channels
deposits art, exposed which average about 100 m in thick- t
ness. The uppermost layer usually seems to be the most Emerging from the northern plateau lands, a complex
resistant and forms a rocky rim. The rocks may be array of I)road, sinuous ..hannels descends into a region-
volcanic, as they lie adjacent to the lines of craters that ally depressed area (Figs. I-6a and I-6b). As the than-
could be feeder vents. In places, markedly eroded layers nels merge on the border of the fiat, low Chryse area,
are visible within the canyon floors, and many layers of the channel floors show multiple braided channels and
light and dark rocks are exposed (Fig. I-Sb). The layers streandiued islands (Fig. I-6c) that confirm the north-

ward direction of flow consistent with the regional slopewithin these presumed valley fill deposits do not seem
to match the more obscure and massive layering in the of the surface determined from infrared and ultraviolet
canyon walls; thus, these more finely layered deposits spectral data.
could represent earlier generations of "/alley fill now
being stripped out by erosion. In many areas the cliffs Lying on the level, high plateau surface are other
are bordered by masses of debris that apparently have channels; these are sinuous and have many tributaries
slid into the adjacent lowlands. In other areas the ma- (Rels. 1-35 through 1-37; also see Section III of this
terial retains its coherence and descends in a series of Report). These chann_V_ ,t,_cend to the east and north,
terraces that are similar in appearance to the chaotic becomivg broader and more clearly defined. The tribu-
terrain described in pictures taken by Mariners 6 and 7 taries and the form of the braided channels are unlike
(Refs. 1-33 and 1-34; also see Section VI of this Report). those of terrestrial and lunar volcanic sinuous rilles, and
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Fig. 1.5a. Inferredelevationprofileacrossrift valleysystemus|nil pressuremeasurementsmadeby the ultravioletspectrometer.

(.h_s(,l:,"r(,seml)i(' t_,rr_'strial intermittent stream channels, and formation of large-scale landslides |nay be caused
Their form and ttegre(' (_f fr,,shness strongly suggest flow by melting of permafrGst. The more extensive photo-
of liquid water in the r(,ee,t geologic past o1 Mars (Fig. graphic: coverage leads to the logical extensiot_ of the
I-7). permafrost proposal; th:_t is, water derived from tlze

melting ,ff the permafrost seeped out from under the
Some chann_.ls origiuate in great masses of hunlmocky slides, formed the 1)road ,,;nuous channels, and flowed

to 1)rokt,n, slabby material _'t the base of cliffs, and may into the northern lowlands. The only terrestrial analogs
be related in _)rigin to this chaotic terrain as proposed to these eno,'mous channels, which are 30 to 60 kzr_wide.
by McCauley t't al (Ref. I-2.0) and *lasurskv et al. (Ref. are the Chain|clod Scablands of the Columbia plateau in
1-19). Sharp et al. (Rcf. 1-33) proposed, from the Mar- the United States and the sandttr plains (glacial out.
iner (_ and 7 pictures, that the collapse of these rocks wash) of Iceland, which fringe the large glaciers (Ref.
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Fig. I-7. Map showing distribution of three fluvial-type channels on Mars.

ht,,atingas a result of secular or eyclic;dchanges in clim- the sides of manycraters.Theirorigin is not unequivocal,
: ate. A climate interglacialepisode con_x'ivahlyceuld melt but they also resemble fluvial channels and imply forma-
2 the permafrost in the large equatorial region and thus tion of precipitation collection. If this origin is correct,

• !_" the cause not only of the chaotic tcrrain, hut also of widespread rainfall is necessary to feed the channels, t
the channels. The occu:rence of the channels in the equatorial zone

_ suggests that only a slight temperature rise would be

Somewhat different, very sinuous valleys with many necessaryto produce liquid water there if the water par-
tributaries lic on the high-level plateau surface in the tial pressure were to be raised at the same time. An
Basena, Mare Erytbraeum,and Memnoniaregions. The "interglacial" episode that melted the polar caps and
channels with braided floors descend to the east and planet-wide permafrost should be adequate to allow

i! north, becoming broader and more clearly defined (Ref. flowing water to exist in the equatorial zone on the

1-32),They apparently are formed by a different process surface of Mars.
than the broad, chaos.related channels. Their primary

. • and secondary tributaries, dendritic patterns, and lack Another type of channel is associated with volcanicof apparent sourceareasseem to requirerainfallcollected centers (Fig. I-8a). The channels start on the flanks of
into integrated channels along with both surface erosion volcanic craters and are less well defined downstream.
and deposition in alluvial basins. This relationship is the opposite of that generally ob- :

served in fluvial channels. These features closely re-
Another type of channel is widespread in the anciept semble lunar sinuous rilles such as the Hadley and

cratered terrain as near Sinus $abaeus (8°5, _Mow). Prinz rtlles (Fig. I-Sb) and sue now generally thought
Complex networksof tiny coalescent channels run down to be collapsed lava channels in basaltic rocks, as is

jill 11_HNICAL _ 31[°1_10_ _ IV 9
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i, .tril)pil_ fl," _urfacv ,rod f-rn)in_ deflation hollows.
l-h. ,-t, h l,:tt,.:] '.:::it :- .;:cr!..i:" h- !a_. red ro_k._ ori_i,-
.,ll, t,,rz, _d t],' "l.u,inat_-d t,.rhdn'" ,Fi_. l-9bL The two

unit, .t .x.u,_ la_cr,...l dClu,,it, ,1. not ovvrlie the amient
terrain m ,t plah.-l,kc fa'],i_.m. Althou_z!l they total 6 km
in thkk,,-_, th,.v occv: at a l._,vr oh.ration than the
,,urr,mndm_ ,mcivnt , r,ttvrcd h'rrain aml are co_ered by

", ,co at t]," I_)h' Rcf. 1-7_. "]'h,_. tl,'_e lavewd n_'k_
.t_ up_ .t ,auccr-,l,.q)cd dvpr_'_,i., tizat dv[inc_ a discr¢'h.
]),_:u i,z botl, p-lar re,ions. It may I_' that the [_)]ar n_.'ks ,'_ L

":"'. h,txv I,'cn dvpn'_,cd lax f,rnwr]-" thivker polar it-c. A ; I_, ",

qu.mtit,fli_,- mvas.r(- .f tlw (h'_rt.e o[ this deformation - t" -. "
(_mhl I,..t, indicat.r .f th,. i,ol)flitv of the Martian If" " _ r
,ul)t rust. ] .- ..

The umt.rmlv l)ed,h.d lav,,rs best ol)serv(_, in the _"'-"
l.mfi,._h_l l,.=r.i..u,' _..timatcd to ran,zcfrom IO to :30m .____
in thickness. Tht'rt" ,|r_" ,;bout _ layers in each cuesta- .,;., -__.._ 4t" ._

Ilk(.ri(Im,,ofwl,ichthereare6 to12(.ncirclin_thepole. ..e-_l_,_-_l_-.,"....:.The i_,divKlualthinlavcr__,pl_'artoIx.cyclicaldeposits. _-
asmay l>ethe_roul_.flavvr.,thatformtl',eridgesthat o s0o _0oo

L l

sh.wcd in th," 3lurim'r 6 and " pietur(.'s (Ref. 1-39). The _,

... h.(l_ are Iwin_ eroded: they are s,moth!y rounded, I_. I-lO. Mollie of wide-anglepk.qturesof southpolar=egion
un]ikt, th("5harp-,'d,.q'ri(l_es in th(. etch-pitted and cen- showingthe terrainunitsand residualcap.Thepolardeposits
tra] p]at('au rc_ions. Subjacent craters art partially _t_ml hilll_"and o_dle the ancient "¢ontin_fllal" cmte_ _r-
co,c('rt'(] [_! many places, apl)ar(.ntly |)ein_ re-exhumed rain.Thelaminateddepositsdip it.wardandam topograpltically

lowerthan the surround;rig¢ratermJterrain formingthe polar
after burial. TI,." upp:'r surfaces of these deposits on basin.

.:_-.... which the remnant lx)la; ice cap lies arc grooved ,'adial

i =_.' _ to the p)le (Ref. l--32). These grooves may have been
' , -._.7,,..-:; . - _° formed by. wind erosion or perhaps even glacial scour.
, :;./.-,.:,

"" - -- _. The south and north polar regions are simila- (Figs. •
: '-'¢ "" _' 1-10 and l-ll) and apparently have acted as sediment

. f /_ traps throughout much of the histo O' of Mars. Sedi-
,_,, , mentation in these _eas must have started when the

planet cmdtxl mmugh _o initiate frost aeeunmlation in

f the pol.ar region. Pervasive wind erosion in the equatorial
• _ regions took place; these sediments then were trans-

ported, principally in suspcmion, and deposited into the

]_ r"_7_=_:-- _, polar regions. The polar deposits may be thought of as

_:_:, -: [_.:. " ._, glacio.eolia.n,asformed when the dustpartich_,layers, process acting as
''_" nuclei around which the snow crystals form, are laid

• ......._ ' "'._r_::: _ down horimntal A similar takes place

_, =:_'- _ _ on Earth where rain, wind, and snow sweep the atmos.
............... ' phere clean of dust particles. Altemativel) descending

I:111.I-gb. I._mlmd_l terrain in the _ I_r _ _ air currents in the polar high-pressure zone may abet the
by nmklualira. It _ withreund_ _ and wu dqxmlt.d entrapment of dust paroles on the surface ice, muchetg_m_. Xtm_ort g,_m gomp_m _ght to tm _m whk:h
nmtm up _ that ferm Um dtcumpelar fmtmm. (Mlr_ in the same way as dust is entrapped in terrestrial ice
4_15.21, _ 0_o2_) fields and in glaciers.
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/_ in s._:a,, areas dark iqarkin_._ in wide-an_le pictures
have I,. :', resohcd into sand dune fields in the narrow-

an_h' pidurcs ,lh'f. 1-40: see Section XI of this l_eportl.

I ¢ ._L' .& This dune field, alxmt ._) km across, li_ i,a the Imttom
_ _, -- - " of a crawr. The spacin_ of the crests of individual dunes
/ £..,,_:. I is on the order of 1 to 2 kin. In size and shape this

.,_' '_ s,_ %._" feature is si,,,ilar t., ,nany dune fields and sand sheets in
..:._ _ i ,, • _ terr_.'st,ial deserts such as the Mojave Desert in southern

.. ," -,_ _ California. within which the Kelso dune tleld is a ._ood -

v _ ; : :"g_r_,_L ana]off '.ICier. I-I1,..-_diaevnt to thc etch-pitted south
' _- • _ "_-- Jf polar terrain is .,, art-a of "ri_hs'" that resemble hm_i-

_' . ". _- "5 _ ' "_ _J tu,inal or self dums. Equatomvard. ip :,ld_tior to the
. '_¢,, t_a,,'- 6, j dune fleld_: the mott;_l cratered plains and smooth

:q_"" _'* _ * :." ,'_ _ plains are areas of irre_:ular to uniform, ec_i.:a loess-like

"" _'t_ "t-_?/, "_, deposits that indicate even lower wind veloeitk's. Theidentification of dunes is significant lwcmme dunes indi-

" cate that saltation is owrative on the sudaee despite the4

tenuous atmosphere. With saltation oeeurrin¢, numerous0 500 1000
t _ .__ eolian erosion and depositionai features should I_• ex-

_= l_c'ted at tarter scales: some of these features art- de-
-. Fig. 1-11, Mosaic of wide-angle pictures of the north polar re- scribed in Ref. 1-23 (sty' Section X of this Beport) and

gion showing the terrainand residual cap. Theregion lies 3 km a_e compared with pure erosion forms in the coastal
lowerthanthe sm.'thpole.T_e polardepositslie on plainsde- desert of Peru.
posits of "ocean basin" type. The topography is not well enough
known to determine whether the deposits are in a basin.

G. Impact Craters

F. EolianFeatures Althot.gh impact craters are commou on about one-
half of the planet's surface, fresh craters with well

_,e planet-wide dnst stom_ appears to have blanketed developecl ejeeta blankets are rare (Ref. 1-38). A few
n.uch of the sudace with bright silt and clay-size small craters show hummotky continuous ejecta blankets

, particles, obscuring most of the dark markings normaUy and well developed rays. Most small craters, however,
observed telescopically. Since the end of the storm, exhibit degraded ejecta blankets and no ray patterns.
bright material has lx.en lot.ally scoured from the sur-

face revealing the darker, presumably coarse-grained, Interpretation of lunar craters indicates that the first
• -, ." underlying sudace. During the mission, a local dust crater-related feature that disappears by erosion is the

storm was observed, and aIter its passage a dark track
' ray material, which originally extended ou.N,,,ard for

_ _[_ visible (Bef. I-7). As the mission progressed, the many crater diameters. The continuous ejeeta blankets,
, } classic dark sudaee markings began to re-emerge as up to two crater diameters in width, are more resistant

the fine-grained and brighter surfieial materials wc,c to wind erosion. However, these deposits eventually lose
-' scoured and redeposited (Bef. I-4). their humnmcky character, but the cuter irregular edges

, remain as low ridges. The very slow degradation of
U,_formly distributed deposits that tringe the polar craters on the Moon is largely by impact gardening; on

regions and blanket the plains correspond to terrestrial Mars the erosion is probably dominantly eolian. Most

_ loess, w;des,_read deposits of silt and clay-size particles, of the ray material of lunar craters and terrestrial ex-
- *_ Their redistributio, rewals dark, irregular markings and perimental craters is fine-grained; such material on Mars

i light and dark tails emanating from craters and other would be subject to degradation and transportation by
topographic obstach¢. The fight tails appear to be wind- winds. Thus, the paucity of ray craters is an indicator
deposited nmterial; the dark tails appear to be mostly of the effectiveness of the eolian erosional and deposi-

wind.scoured zones in tl,e lee of various topographic tional processes on Mars,
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|'romim'nt in the southern lwmisi_here of the planet _ith tb;. distribution of rocks on the *h_.z. where the
an' cr,ttur_ ran_ip_ from tl.. ]hnit of re._o]ution_2(10to hi_h],md_ ap" und,'r]._.i,_!;_ low-h';_xitv _rusta] r_JL_..

7.

:3(14)m_ up to tt., IL,llas and Argyre basin_, tlh']]as with high A]/Si ratios, i:nd tt:e ]ox_]and:"are i:ndcr]ain
:' is :211(IOkm in d,.'ametcrand onr-half a_ain the _ize of by ba.salt.sthat probal)ly r_.-stdirt'ctlv on mantle rocks.

t],. lml,rimz, basiu on the .Moon.) The craterin,2 in this For Mars. the crab.red terrain that t_ccupies most of the
hcmi._phl.re is similar to that in the south(rn hi_hland_ southcrn hcmisphert" may rt.prt_cnt the more siliceous
of the m'ar skh. and much of the far side of the Moon "(_mtinenta!" cntstal rlwks. The Amazonis and adjacent

._ Ih.f._.1-19 ,rod 1-42: also see Section VII of this lh,lmrt). Elysium basin a,Kl the northenl lowlands may he undt.r-
The ,d)untl,lnct. of ('r,_t('rs Iwrr is such that this trrr;lip lain I)v basalts restin_ on the mantle ;111(1 Inav ht" /lit"

~ um_t h_- very old _co]ot_ically. The crater frequenty is _ross t'quivah'nts to the terrestrial _'ean basins and
- h.s,. hoxx_.ver, than on Plzolms. the satellite of .Mars. and Oceanus Proeellarunl on the .Moon. Within the primitivc

m the mo.q I,.ax,lv cratertai of the lun,ir uplands (Ref, crater('(] terrain are areas filled by smoother, youn_er

1-43. al_o set. Section VIII of this RcportL This lower material with lower, hut still substantial, crater Impula -
ratcr fr,.qu_.ncy probahly indicates destn_ction _ff sore, tions Tlwse "cratered plains" are overlain by smooth
tab.r,, h_. xarious pr_'c._se_ that include all previously del_lsiLs which form th" sm_mth plains that t_mq_rise

, u, ,d,,,c(l, i.t.., volcanism, hx-tonism, channel t_enerat/on, severa I diff,'rent milts. The su_ooth pl._ins lot.ally exhilfit
.rod ('oi,an t.rosion and deposition, lobate lava flow fronts al,d l)ro,,d low shidd volcanoes.

attesting to the 1)robabh • I)asaltic nature n,t the smooth
deposits.

The Ar_.xre hasin is rintr,(.d hv radially and concen-
tricall:< tcxtur_! mountainous terrain that indicates its
sin,ila,'ity to the hmar multi-rin_ed impact basins such M_:ntiing the smooth lava pk_ins are possible allu¢ial
a, iml_rium and Oricntale (Refs. !-44 and 1-45). How- deposits at the mouths of the channt,ls in the Ch_'_e
ever, the delmsits art" altered hv subsequent events, and Lunac l'alus rrgions. Th(.'se deposits probably fomn

" mcludiu,_ eolian modification, so they do not displa.v pit,d,nont allu'.'ial and possibly playa seqt, enees near
the structural and delmsitional texturt.'s still prcst, rvtx] where the channels del-,,uch into the lowlands, so that
in the drastically less dynamic hmar environn:ent (Bet. some of the smooth ,.,laiz_. may consist of sedimenta_"
1-46). Rou_:h textnred, externally and internall) terraced, deposits. Pcdipl,mation may ha_e taken place in a few
g;enerally circular craters with central peaks are thought, areas ahmg channel margins and where plateau edges
as on the .Moot_.to he of impact origin if not so degraded and isolated hills and mesas seem to be retreating (Ref.
as to havc these diagnostic characteristics obliterated. 1_37; also see Section Iil of this Report).

Eolian deposits derived from the polar-eolian sedilnentCraters of impact type are ch'arly distinct from the
smooth-rimmed volcanic craters with their commonly traps may have been sprtad t_luatorward (Bet. 1-4£-;, _
attendant radiating lava channels and flows. Secondary. also see Section IX of this Report). The thickness of
crater arra.vs are visihh, in several areas and are distinct these loess and dune deposits on the northern lava plains
from the linear arrays of volcanic craters along structural can Ix, estimated from their apparent thickness in the
lineaments. They are, however, far less abundant than south polar region. Here the mantling eolian material
on the Moon and generally cannot Ix, identified as to cannot exceed tens to hundreds of meters in thickness,
source, for it partially masks but does not fill in the south oolar

.. eralert_l, terrain. Thinner deposits of eolian sediments
(possibly silt and sand) cover the central part of the

--. H. Planet-WideDistributionof GeologicUnits planet in places. Apparently these deposits in the central
part of the planet are mobile, as the continually changing

The cratcred terrain apparently is the most ahcient on light and dark patterns monitored after the great dust
Mars, and prolmbly records, as on the 1_loon, the impact storm attest. They must be only a few meters in thick-

, of cosmic debris on the early differentiated planet (Refs. ness, as they do not obscure textural detail in the cratered
1-47 and Fig. 1 of 1-21; also see Fig. I1-1 of this Report). and faulted terra:'n. Thicker loess deposits probably lie

_":"] Prel._minary ,.orrelation of gravity mapping achieved within Hellas and other similar large circular basins and ;

4
by tracking the Mariner 9 spacecraft with topography from craters, but their thickness cannot be determined; such

several sources indicates _ the rocks in_theJl/w, la_ 4, r_ionll_o _ h_v_wetql_ _,_ tl_ soQce areas for.-_ ....,_ . . ....._ .
_1_ "*" anu plateau regions l_'_,iously described _re'_gely man)' Martian dust storms including that of 1971 (ilef. :_

iso_tatically compensated, This result is in agreement 1-14).
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The _outh polar _]acio-t,oli.m rot.ks overlie tilt' cratered al,ly took place on Mars so that tilt' high-standing.
: t,_l,,i,, th,. ,,,Jtl, p,,lar dr.posits overlie smot_th and heavily cratered rot'ks are part of the early differentiatede

cratercd plains. "lh_" north polar re_io,: is about .3 km "'continental" crust.5
loxxc. than the southern re_ion. This obsen'ation is eon-

qstcnt with the morl_holo_y of the terrain, whieh su_-
zests that tl," s_mth polar rt'_im_ is part of the continental During the time of rapidly deereasin_ flux of impact-
.,a._s: the n,_rth polar rc_.ion i_ part of the "oceaff" in_ botli_.'s, the many large, flat-floored craters fornwd
I_asin flower, as _vt'll as the large impa_ basins, tlellas. Argyre, and

¢ Libya. Hellas appears to be the ohlcst as its rim has
.. been ahnost c_mlph.tely destroyed, and the number of
-: Tht. mar_ins ,,t the c"ntral continental block are superimlmstxl craters around its edge is comparable to

different. At 100 to I:30:W. the mar_in is abrupt and the rest of the heavih cratercd terrain. Argyre and Libya
the slopes art. steep: the crest of the Tha"sis ridge is arc more rugged than Hellas and have fewer superi,n-

" marked by the three ali_nt'd volcanic stnlc_ures. Per- posed craters. The)" probably formed later.
I,aps this continental ,nar_in is the sitc of incipient plate

-. tt,ctonie movement: alternatively, the volcanoes may lie
alon_ a zone of vertical movement boundin_ the con- hnpact prt.'sumably continued at a decreasing _ate,
tincntal block. The northern mar_in is irre._ular with lint volcanism started earl)" in this episode. The oldest

_cnth'r slows. The contact bt.twt.en the cratered plains volcanic feature recognized is a shield volcano on the
and the low-lyin_ ,mooth plains is _radational. and has northe_t rim of the Hellas basin. This heavily cratered
many irregularly dislmsed hills and nwsas. The central (it has twice as many crateis as the oldest of the plains
ca'ayon or trou_hed zone may mark a rift zone developed units) and erotled feature at first was difficult to recog-
by the highland rocks slidiqg into the northern lowlands; nize; othcr features may I,-e found as systematic geologic

"-. l_ain alternatively, tht" canyons may mark complex analysis c¢,ntinues. The ancient vok_no is particularly
vmtical faulting with the ,host complex faulting in the significant bet_mse it indicates that volcanism of the
area of great,.st uplift and adjacent to the thickest young type observtv,l in the Amazon.is n.gion began very earl)'
volcanic rocks that overlie the continental crust, in Mars history and within the ancient eratered terrain.

, Old plains units mantle parts of the ancient cratered
terrain and are marked by lower crater frequencies.
They are difficult to delineate because erosion and

I. Geologic Hi._tory ,- deposition have obscurt_l the contacts. The oldest plains

The various topical studies present(_l in this Beport t,nit that can be mapped satisfactorily occurs in the
: and the regional geologic mapping accomplished to date Lunae Pains area and overlies part of the volcanic

' permit an expansio,: and refinement of the earlier pre- structures in the Hesperia region. It has a crater density
liminao" geologic histories presented for the equatorial greater than most of the lunar maria. Its absolute age.
belt (Befs. 1-20 and 1-21; also see Section II of thi_ like that of other Martian units, is difficult to assess

, Belmrt). The principal data used are overlap relatiorb because the relative eontributiom to the flux of cometary
- , ; between geologic units and differences in their crater and asteroidal impacts are not known.

i populations. These relations show that Mars has a deci-

: . . ;, pherable history that dates far back in time. This history
,nay place some boundary conditions on theories about Next younger in age are the heavily faulted plains
the evolution of its atmosphere and development of an around Nix Olympica, in Arcadia, and in Alba. They

-." " i ice regime. The heavily cratered generally high-standing appear to be basalt flows similar to those in the surround-
! rocks that lie predominantly in the mid- and southern ing smooth plaim, which have been slightly uplifted,

•_ faulted, heavily modified by eolian erosion, and moder-
'" .,t latitudes are the most ancient on the planet, as has been

• . : recognized since Mariners 6 and 7 (Ref. 1-49). ately cxatered. Mottled eratered terrain underlies large
• .. _ "i areas in the northern regions. It is moderately cratered
,- and partially covered by eolian deposits. Volcanism prob-
_- , Large lunar basins such as lmbrium formed after the ably _arted in the Nix Olympica area about the same

initial differentiation of the entire Moon. Ejecta from time that these plains formed.The erosional scarp at the
these basim contain norites, anorthositic gabbros, and base of Nix Olympica suggests that these layers were

: anorthosites that fona the crustal reeks which stand high being eroded while the apper part of the mountain was

[ because of their lesser density. A similar process prob- still being constructed. The next youngest plains um,_
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.tours in the Phoenicis Laeus and Elxsium areas. It is Eolian deposition and erosion extended over a con-
: m,¢h'rat,';_ ¢.r.flvr_.tland faldt,'d: the nu,p.bvr of craters is skhrabh- ti,m. up I._, I],_ presvnt: in the polar re_ions.

compar.d:h' t,) that on most hmar maria. It emhays deposits of the laminated terrains were bein¢ deposited
knobby h'rrain, mdicatin_ that the process formin_z the .rod eroded and redeposited in _reat manth.s of loess-like
lath'r unit began before deposition of the moderately deposits that thin equatorward. Etch-pitted plains sur-

cratt'red plains, roundin_ the imles attest to the intensity of eolian erosion
of earlier del_Jsits in the vicinity of the polar caps. This

._ erosion raises the possibility that earlier _enera:ions of
/ I.pwarpin_ or cpiroroct'ny then took place in the laminated terrain have been redistrdmted. The present

-I'h.lrsis re_ion, resultin_ in mosaic-like fault patterns as polar (h'l_)sits may r(_:ord only the lat_.t such episode of
-*" wcll as the extensive rifting to the east in the main part deposition of layered materials.

.f the Coprates canyon system. The upper part of the
- Nix ()lympiea. as well as the Tharsis. shiehl volcano_.s The possible fluvial channels may record episodes
"" then for,ned. Conteml_)rancously the youn_ lava plains when water was much more abundant in the atmosphere

with their abundant flow fronts and lava donus were than at present. Planet-wide warmer "interglacial" peri-
- extruded. Chaotic terrain developed later along the (xl_ wouhl release not only the water locked in the polar

mar_ins of tl.,,, equatorial plateau. Broad channels then caps. hut also that frozen in the subsurface as permafrost.
h)rmed. ,q_parently over a t_nsiderahle time. as some of Similar warmer and colder periods also are characteristic
their floors are moderatel.v eratertxl and others are little of terres'riai history. Still continuing is the erosional
cratercd. Their development may have paralleled the modification of landforms and deposition of widespread
t_nstruction of the large v,_lcanoes, silt and clay "loess" deposits and local sand dum.s.
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II. A GeneralizedGeologicMap of Mars1
M. H. Cart

U. S. Geological Survey, Menlo Park, Cahfornia 94025

,. Harold Masursky
U. S. Geological Survey, Flagstaff, Arizonz 860Ol

R. S. Saunders
Jet Propulsion Laboratory/California Institute of Technology, Pasadena, California 91103

A generalized geologic map of Mars has been con- and conventions used are similar to tilose used for the
strutted largely on the basis of differences in the topog- Moon and have been full,:' described elsewhere (Rcf.
raphy of the surface. Thc success by which the geology II-2). "]he surtace has been divided into several units,

. _ can be deduced from surface topography depends on each of which has a specific range of topographic elmr-
: how distinctively the original topography of a feature aeteristics. In the map explanation (Fig. 1I-2), the units

r_'ftects its mode of origin and the extent to which subse- are arranged according to their age as inferred from
_. quent modification can be recognized and assessed. We supernosition and transection relations, crater counts, etc.

are fortunate in having a number of topographic features The map also provides a generalized indication of tee-
,'. on Mars whose form is highly diagnostic of their origin, tonic deformation, Most of the urlits represent materials

Of particular note are the shield volcanoes and lava of a specific origin deposited within _ restricted period
, ,_ plains. In some areas, the original features have been of time. Other units, such as the chaotic and knobby

i considerably modified by subsequent erosional and tee- materials, are not strictly geologic deposits, but are modi.
' tonic processes. These have not, however, resulted in fications of pre-existing materials. The modifications, '

"' _ homogenization of the planet's surface, but rather have however, have been so drastic as to, in effect, create new
.- i emphasized its variegated character by leaving a chat- geologic ,nit-, and they are mapped as such.

";, ', aeteristic imprint in specific areas. The topography of

• ] the planet, therefore, lends itself well to remote geologic For this early version of the map, data from the various
' interpretation, spectral instruments have been largely ignored because

: " i of the difficulty in obtaining the data in a form readily .-

! The map (Fig. II-1) is an outgrowth of an earlier eorrelatable with the visual image. However, we would
; version of the equatorial belt (Ref. II-1). The techniques not expect that, at the scale at which the map is depicted

here, the spectral data would significantly _ffect deline- ,,

I q_,blleaUonauthorizedby the Director,U. S.GeologicalSurvey. atlon of the various units. The scale was dictated by ._

, I
I
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.| thi_ lh'imrtL The charat_ter of the cratvrt_l terrain
•:._,-:,_T,c-:. .ari_ I_,th h_-ally ami on a regional ._cale. Around the

lar_.. :mpact basins, ix_sitixe relief ft.aturc_ are mnrv

" " I--1 t_mm,,, than clsewhcre, providin_ the basis for discrimi-

natill_ it mountainml_ malt CmL In other ;treas. the

."" _ I I _ (-rah'r,'d terrain app(.;trs to }_" parth" manth_l, so that

• : _,,i,' _, _ ;" it-wet intcnm_liatt" and _mall t<20 "_m_'tlraters arc"

_ I 1 _L_j _ im_ent. ,mr: the lar_er craters apl_.ar sulxlm_l. A m':t: ?_ tvrm_'d "cratert_l deimsits, manth'd- it-re._ has therc;on-
bt-t.n (h.si_nated: the rt_t of the (I.Jt_ely cratered deposits

:.','x'..._o_::*u_c_ i_ h'it undivided WuL

6l

,, ,._,.r_, _,, .,,_ _,.: c,, r..m_:_-,c_, s_. a. Cratered deposits, undivided (cu). Forms the primi-
i _ tire accretiona_" sudaee of the planet. Occurs primarily
•_ c.,_-, v.<n _-ar: .... _, s_,t,,t._. ,, .. c_ in th, southern mid-latitudc_, but extends to 40°N around

! s,-_,. _ _,._c,tt,,,t ,,,_ _t. the :_30_'e( meridian. Isolated art_s occur in the volcanicz provim_e. Saturattd with large, flat-Iloored, commonh"

i _.:,.-,__:..-x,_-. c,_,,ot-,n_-,c,_.-_m, rimh-ss, craters, lntererater areas fiat and featurel_s
• ext_,pt for st_,qered small, bowl-shalx_t craters. Locally

, may Ix. partly covered by younger deposits, so that the
i ....

_*_,_m topography h_'s a muted aplx'arance. Ridges. resembling
those on thc lunar maria, occur in _t_me of the muted

i areas. Probably consists mostly of reworked impact
; :* C_,,...'-_t :*E_C$_rS m SFAJISELYCltAIEI_D Pl_llq$

. :*,,,c,, :e_csm , ,_c,t_rttv c_rtm_ m_UNS brt_cias, but locally inelude_ younger voltmnie and eolian

• .-_,_ :_s+ts ,,, _omt_ c_Aru.tO_tA,,,_S deposits.
i a_ _[_ _.J£_tra _,_llt:xt, CO&tSE ,, _OU_TAII_OUS DII'OSIIS

,:,c_,..::_,-s.s c'. b. Cr_tered deposits, mantled (era). Mapped onh'. CIUI,_JE _, _l_Sl_5o UNDIVI_D
l

• where e_ensive areas appear mantled. Fewer intermedi-
Irqt.11-2._ _atimm andtmldanatim_of mopsymbols, ate and small-size craters ( <:._ ion) than unit eu. Occurs '

prinmrily in high southern latitudes. Interpreted as

lmbhcatio. !om_at anti shmdd not be taken m indicative eratered deposits mantled by vadous thicknesses of
o_ a pn-,a-nt h'vel d ktmwledge. The map is a reD" coarse younger material. Lobate flow fl'onts indicate volcanic
tltx_'alitation of the information available. A more de- materials in some areas, but the mantling material almost

" tailed tnap that will do justice to the wealth of infornm- c_tainly includes significant portions of eolian debris.
tion in the Mariner 9 photography will Ix, published in
;lw not too distant futun,, c. Mountainous deposits (m). Forms the ragged parts

of the rims of the zhree largest recognized impact basins,
• Atgyre, Libya, and Hellas. Arg_re (50_S, 430W) is sur,

A. Description of Uflits rounded by ragged terrain that is cut by graben. The
Liby:. I_sin (150N, "Z70*W)rim is prcsen'ed as a distinct

1. _ Or_lemd Units mountainom unit only at the south side of the basin. The

Den_i)' t_rat_t_! terrain corm approximately one-ha_ Hellas (450S, 2950W) rim is subdued. Mountainous ter-.. rain with relief comparable to Arg_re b preserved only
ai the planet's sudace, including most o[ the central and in isolated areas, particularly to the east where there is 'i

- --, _ uxqhern _ o_ the map and the south polar regions, a complex array of isolated mountains. The mountainous
-_-, " The cratered a_a was photographed by Mm,E_'e .t, 8, unit b interp_t,: _ remnants d parts of the primitive

"- _,-_.... l and 7 ia 1964 aad 1_0 and has been described in detail
mtst uplifted during the formation d the impact basins.

_ by Murk,)" et aL (lid. !i-3). The mdae¢ b almmt satu.
_"" -! rated with large (>iOkm),lht-Boored nrate_; the dmdty Remnants d basin ejecta are also included.

d malk:ctatm,whi aremostlybowl-.hapd,5dls 3. PlanFommin

i d_t _1 mtmaUm by a hctor d 10. Sv_md lm_ ring
_ . _ mrtwtm_ rmembllng lunarIm/m oeeur wlthlnthe Plains,drawing various degrees d cratering,occurm'er
.=_: "f _ tmdmed tmmln (llef. 114; aim see Seetiea Vii most M the planet not covered by thedensely cratered
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units The lllains-h_rnlin_ matcrLds are thought to I,,. sulxlm_l and apparent mainh l_'cause of an allx'do _m-
, lar_cl_ volcanic a:id _di:ul in ori,zi_. Tlwv have been trast Ix'tweeo the light crater floors and the (lark sur-

._:.: I .1 .... t}.r,,- ..il. U:_ ll.. Ij.Lsisof tl." mmd_.r a.d roumim_ matermi_. The i,_d ali_'do contrasts _iw- the
"_ character of the su!_'rimpos_ crah.rs, n||it a mottled aplX'arance. The all.do of the unit as a

whole is lower than that of unit 1_ with which it is _en-
a. tleavily cratercd plains materials (pc). The mos _. eralh" in contact to the south. It is iuterpret(_l as craten_]

I,-avih cratt-rt_! of the plains ,nits. but has fewer lar_ze plains material Iix') overlain by a manth, of eolian debris.
t.rah.r, tll,m the dcnsdv eraten_l units describ_xl. Equiva-

/ icnt to unit mc _,f M(_auh.y ct al• (Bef. II-IL Occurs 3. Volcanic Units
maiuh in tin. area_ north and sol:th of Lunae PahL_and

" in lh.-.l_.ria IHdgc_ resembling thoseon the h,nar maria Inchlded umh_" this heading are all volcanic units
' are (_)mm-i,. Interpret_'d as old I.:va plains similar to L_w assouiatedwith roughly circular volcanic structures, as

distinct from the extensive plains units. Because ofhmar maria. _Small areas of material similar Io this are
iinfitations of _-ale. only two categories are depicted: aim._cnt _vkh.h- throughout the densely eratered area:

" they ar_. not mapix'd i_'atLse uf scale |imi_tions.) general unit (v) and another unit. consisting of e,vo facies
(go and _). which form some very distinctive terrain

%

b. Moderately cratered plains materials (pro). Has around Nix Oi.vmpk_.
fewer tTah.rs in the size range of 2 to _30km than unit
ix,. but re,re than mitt I_ (lh.f. II-5: st_. Section IV of a. Volcanic materials (v). Includes materials associated
this Rt'l_)rt'L Occurs in Eh'sium around the major shield with shidd volcanoes, volcanic domes, and volcanic
volcama.'s, in the Arcadia-Tharsis region, where it is er,;ters (units vs. vd, and vc of Ref. II-1). Most of these

xposed mainly as islands surrounded bv unit ps. and ft_tures are circular, radially s)anmetrie, have a central
in the r_-_ion of Ph_'nicus Laeus. In the Arcadia-Tharsis crater and gently sloping flanks. The)- occur primarily

: regio,_, the unit is almost ever.vwhere intensely fractured, outside the densely cratered region, although two fea-
It is intt.rpretcd ,as volcanic lava plains intermediate in tures within the densely eratered province are indicated
a._e i_'tween units ps a,d IX'. on the map. The volcanic deposits have a wide range of

ages. Those ,associated _th NLxOlympica are relatively

e. Sparsely cratered plains materials (pc). Occurs young (Rt4. !I-6; also see Stx.tion Vlll of this Report);
mainly in the Amazonis-Tharsis region and in the large those s_thin the cratered province are relatively old
impact basins in the densely eratered province. Unit ps (Hcf. II-5; see Section IV of this Report).
is the lea.st cxatered and presumably the youngest of the
plains units• At wide-angle resolution, it is relatively b. Grooved terrain materials (gf and ge). Two facies
featureh._,s, except in places clme to its contact with the of grooved terrain are recognized: a unit ge with a

, densely cratered terrain where indisHnct ridges and low coarse surface topography which occurs close to Nix
rounded hills are common. At narrow-angle resolution, Olympica, and a unit gf with a finer surface texture which
irregular lobate scarps suggestive of flow fronts are com. occurs farther away. The coarse unit ge is characterized I
mon, eslx_:ially in the Tharsis region. Low hills, islands by linear mountains 1 to 5 km wide and typically 100 km

"• ; of highly fractured terrain, sinuous channels, and poly- long. The mountains are commonly separated by valleys
:" gonal fractures occur in other areas. More rarely, the that have flat floors with a fine striation pm•allel to t_e

•: ] narrow-angle pictures are featureless. In the Tharsis length of the valleys. The unit appears to be broken into
'- ; region, the phins appear to be composed mainly of blocks along areuate faults that tilt the blocks gently

: volcanic flo_vs, as lobate flows are detectable on nearly _nward toward Nix Olympiea. The fine textured unit gf
i all narrow-angle pictures. In the Amamnis region and in is characterized by closely spaced equidimemional moun. ',

the large impact basins, Argyre, Hellas, and Libya, tains whose horizontal and vertical dimensiom decrease
• -_ volcanic features are rare and the colia,, .omponent outward from Nix Olympica until the mountains merge

, [. probably dominates. The unit embays all other units, with the surrounding plains. Both units are complexly i

!f.,._ conl_rmingthe young age inferred from the crater counts, embayed by the surrounding plains deposits.

_ :'_ d, Mottled cratered plains materials (pp). Occurs only The grooved terrain deposits may represent old vol-
at high northern latitudes where it forms an annulus canie materials derived from the Nix Olympica c_mter
around the pole. The density of large (>20 lan) craters and since complexly fractured by the continual tectonic
is comparable to that of unit pc, but the density of activity associated with the formation of the central

smaller craters is substantially lower. Large craters are shield, An alternative hypothesis is that the grooved ter.

l
!
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rain r_.prc_ents the outer rt'nmants of a once much ]ar_er _,4_ K,obby clef. _k,. Ti." unit i_ char wterizcd by
.Nix ()lympica that h..s be,'n r,:ducvd in _ize by whatcvcr irregular roun...'d hilk and intcrvcnin_ plains. Th,"

1,i..... ,,-rill _iz,._. from ._cvt'ra] hundred kdomct,'rs._ im_-css h,t_ formt_! /h," l_m,,lh,.,_ _=trp. '"
down to the limit of rt'_olution _< 1 kin'. Tilt- unit

4. Other Units occur_mostly in :l zone up to .--'5(X)km with, I)ctwc(.n
tilt" ('ratcr:'d terrain and tht plains units. Ill _cn-

:- h', st'vocalareas, erosional and tcctonk proct._st.shave oral. the individual hills -m" lar_er. }lave m,lr_'
rt_ulh,d in the form:ttion of distinctive g(.o|o_;c units, rt_'tilmear ontlim_ and flattcr tOl_ closer to tht"
Four eatc_orit_ have I)t_'n identified:

/ cratcrcd terrain. ;:a,thcr from tilt" crah'red tt'rrain.

-. ,1_ Clumm'l dcpositos_chp.Th:_e have all tilt, charac- tilt.}" Ix._)me roumh'd and small,'r ill I)oth hori-
zontal and vt'rtk-al dimt.nsions until they mt'r_e" tcristics of terrt_tria] stream dcposits. Tilt.} o(_'ur

in long. linear, sometimt.'s sinuous channels that with tilt. surroundin_ plain. Tilt' unit qwludes tilt,
¢_nnmonly have well develol)ed tributark,'s. Narrow. unit kt of ?.l(_auley et al. _Ref. II-IL and the
angh' picturt._ show terrac(_, bars, finely braided fretted terrvin of Sharp (Ref. II-9: also see Section

- networks of channels, and superimpos(_t meanders. VI of this Beport).
" The most prominent channels head in the area of

chaotic terrain arcund 2:X. 50°W, and run north- B. Structural Features
west to the ChD'se basin. Most. but not all. other
channels occur in the densely cratered terrain near Mars is characterized by an abundance, if not a great
its cmntad x_ith the plaim Tile unit is interpreted vark_', of structural features. The most common are

.- as materials deposited by a fluid, presumably water graben, t)'pieally ! to 5 km wide. The)" may OCCUr,aS
(Ref. !I-7: also see Section Ill of this Report). closely spaced, parallel arrays as in the Arcadia region.

or as isolated fractures several tho-_sand kilometers lnng
", (:2)Camjon deposits (if). This .nit includes materials as in the Mare Sirenum region. The distribution of

that are exposed on the floor of the ma_or rift sys- graben is markedly nonuniform. Most are part of a sys-tem t_at extends 4000 km acress the surface close " "
tern of faults approximately radial to the Tharsis ridge.

to the equator between $0 ° and 10_)°W. The talus The western part of the Coprates canyon also appears to
on the canyon walls is excluded. In most places• • be part of this set. The focal point of this vast system of
the floor appears smooth, but locally jumbled: - fractures is the Phoenicis Lacus area. which is also the

.: blocks are plesent. At the eastern end of the can- highest part of the ridge. The pattern appears to have
,, )'on, the unit merges with the chaotic terrain. At fornled as a result of the extension associated with the

; the western end, the unit is pinched out as the broad domical uplift of the Tharsis region.
, _ canyon grades into a zone of b,'anching troughs.

'. "] (8) Chaotic deposits (hi. Chaotic deposits have been Elsewhere fractures occur concentric and radial to the
described in detail pre_ously (Ref. IIdt). The large impact basin of the densely eratered province (Ref.
surface of the unit is crossed by numerous inter- II-4; see Section VII of this Report) Fractures also occur
sooting cracks that break the surface into blocks locally around the large shield volcanoes (Ref. II-5; see

" " "; s_4th a wide range of sizes and which may be Section IV of this Report) and at, and parallel to_.the
tilted slightly in different directions. The chaotic margin of the densely eratered terrain to form the k'nobby

: -. deposits normally occur in locally low areas, oeca- and fretted terrains (Ref. !I-9; also see Section Vl of this
sionally in completely closed basins. The outcrop Report).
areas are usually surrounded by an inward-facing

77 scarp. The main area of occurrence is a broad Mare ridges are the other common structural feature.
. region around 5°S latitude, 35°W longitude. The They occur primarily on the most heavily cratered plaim

•:--..::.: origin of the unit is obscure, Some process of unit (pc). West of the _.lmrsis ridge, they are aligned

;:.... _ "_i sapping from below and subsequent collapse is along directions concentric with the center of the Tharsis
• , required, ridge.

!
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" Iii. Waterand Processesof Degradation
inthe Martian Landscape'

Daniel J. Milton
u. S. GeologicalSurvey.MenloPark,California94025

Sin(.c at least the Mariner encounters in 1969, Mars, It is a s(x-ond tht_sis that, as on the continents of Earth,

(h_pite its own individuality, has been regarded as a running water has Ix.en the principal agent of degrada-
planet in a state of development intermediate behveen tion. At the present time, the surface temperature ar,d
that of the .Moon and Earth. The histories of impact, the pressure and water content of the atmosphere make
volcanism, and tectonic disturbance on three hodies are bodies of liquid water at the surface impossible or at

; to a first approximation similar, despite such differences least confined to a few small areas at certain seasons•

as the horizontal mobility of crustal segments on Earth Many features on Mars, however, are most easily ex-
-and their apparcut stabilitT on the other two bodies, plained by assuming running surface water at some time
On the Xlom, we see constructional landforms such as in the past• For a fe_ features, running water is not

_ impact craters, volcanoes, and volcamc plains, most per- merely the easiest explanation within the range of our¢

sisting from the earl), cp_x.hs of lunar histor ".Most land- imagination, but the only possible explanation. If these

_ stapes on Earth. however, owe their appearance to cases, which involve water courses as large as the largest
erosion, principally the work of running water, as much rivers or torrential floods on Earth, can be established,

• . _ as to constructional processes. Features of the primeval then an hypothesis of aqueous origin should have a favor-
": " epoch have long since been destroyed, and any area has able hearing for the much wider spread of features for
: passed through so many cycles of erosion and rejuvena- which the evidence is less conclusive.

"" tion that there is some time in tbe past beyond which
its history is indecipherable.

_, " A. ChannelsShapedby FlowingWater
It is the thesis of this section that erosion has been

: active on Mars so that, unlike the Moon, many of the The first great Martian controversy began almost a
sudace iandforms are products of degradation. Unlike century ago with Sehiaparelli's announcement that he _ _
Earth, erosion has not been a universal process, but one had discovered channels (canali) on Mars. Mariner 9
areally restricted and intermittently active, so that we has revealed that channels are indeed a prominent lea- ._

_',_ see a landscape that is the product of one or two cycles ture of the Martian sudace (although very different from _
of _rosion and large areas of essentially undisturbed those envisioned by Schiaparelli and Lowell) and mtro- A.

primitive terrain, duced a second controversy on Martian channels, al-
though this time on a higher level of thor nature rather !

tIh_hlicationauthorizedby the Director,U. S. GeologicalSurvey. than their reality. A preliminary description and maps of

_:._ . _ JIq. TECHNICALREPORT32-1UO, VOL. iV 27
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FiB. II1-|o. Chennel betweenMemnonia and Amazonis near 6"S latitude, 150"W Ion.Eitucle,
apparently eroded by runninl wotor. WidHnl_e view with direction of flow from top to
bottom (_outh to north). The width of the area is about 260 kin. Lilhtinll is from the risht.
(IdT_ 4174-45, DAS 0T_12279_, MTVS 4258-31, DAS 09628614)
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Fig. Ill-lb. Middle section of Amazonis channel. The individual narrow-angle frames
cover an area of about 30 by 40 kin. Figure IIl-lh is reoriented so that lighting is from
the top. (MTYS4294-12, DAS 12477650;, MTVS 4294-16, DAS 12499720; MTVS 4294-20,
DAS12499790)

tlu.ir distribution within th," ¢.quatorial region are gixen these narrow-angle pictures, gathers a_ain into a single

I,v .McCauh.v ct al. _Ref. lIl-l). Carr et al. (Ref. III-2: channel that crosses a crater and debouches onto a

see Section 11 of this Rel_)rt) also map the location featureless plain

of malo," channels. The most convincing evidence for an

,,iucou_ origin, in the available photography, is found If a single feature is to be chosen on which to base

" ;n the 1)road channels in Chryse. tht" taro long channels an argument for running water on .Mars. it '-'sthis braided
in 1.unae Palus. and t_pecially a sma!I,.-r channel between reach of the Amazonis channel. The similarity to the

._leml|onia and Amazonis. braided type of terrestrial river channel (Fig. III-2] is

so great that were it not for the craters, it would be easy

"Fht. Amazonis cham_el rFig. lll-la) is about :350 km to envision these as pictures of Earth. Analogy, however,

lon_. and the widest of a complex of channels spread is an insufficient argument, unless it is shown that the

over a zone almost I00 km wide. Positive indication of features reflect phenomena unique to flowing water. It

the direction of flow i: difficult, but flow from south to is hardly believable that this pattern could have arisen

north is sug¢csted by bars in the wake of islands and by any means not involving horizontal flow, for example
the pattcrn of truncation at the base of bars. Establishing by faulting or vertical collanse, Water, hos, ever, is not

' the direction of floss" is l_.ever a problem terrestrtally, and the on!y substance that can floss'. On Earth the wind

It is surprising how symmetrical are the up- and down- blows, ice moves as glaciers, lava pours forth from t
stream dirtwtions of single channels without tributaries, volcanoes, and flows of volcanic ash and perhaps some

i Fh)w from south to north is consistent with a regional avalanches and landslides are dense, turbulent, fluidized
_ _ gradit'nt of al'out I km over the length of the channel, suspensions of solid particles entrained in gas. Each of

as indicatcd by Mariner 9 infrared spectroscop) (Ref. these produces che racteristic landforms qu;te different

i 111-8, also sec Section XX of this Report) although from that in question. Some consideration of why they

regional warping of the surface may ha,,e occurred since differ may help to clarify the unique nature of water as

•i tht. formation of the channels, a morphologie agent.

; Segments of the Amazonis ch,mnel differ ;n character. Both elosional and depositional landforms produced

The upstream section (right-hand frame of Fig. lll-lb) by wind are seen in the Mariner 9 pictures, as discussed

lies within the somewhat diffuse outlines of a crater, by McCauley (Ref. 1II-4; see Section X of this Report) and
Itere the chamwl eon¢i_ts of many broad branch,, one Cutts and Smith (Ref. III-5; see Section XI of this

of which is smooth-floored; the others are marked by Report). The power of wind in transporting material
ridges and troughs parallel to its length. The middle depends on the exchange of momentum between the
section has a slightly sinuous, smooth-floored main chan- boundary layer and a large mass extending far above the

nel of even _dth. This brc,adens downstream into a zone of interaction with the ground sudace. On an

c_mplexly braided reach (Fig. lll-lc), which, beyond almost smooth surface, wind erosion produces parallel i

JPL TECHNICAL REPORT 32-|U0, VOL. IV 29
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_ Fig. II1-1c. Braided section in lower part of Ammnis channel. This narrow-angle mosaic,
like Fig. IIl.lb, contains frames covering 30 by 40 km. (MTVS 4258-35, DAS 0U428649;,

• - , ._ MTVS 4258-39, DAS 09628729)
!

: ' linear scours and ri,.iges. Dunes, the ordinary depositional as slowly as ice. Erosive glacial features are simple;
"_ feature, may have complex forms individually, but dune arcuate features me.y be deposited at the ice margin,

fields a: a whole show a symmetry ,_ :_h respect to the but these are transverse to flow direction. Any features
" _ direction of prevailing winds. The lateral sinuosities at all resembling those of the braided Amazonis channel

i which characterize the braided reach of the Amazonis associated with terrestrial glacial deposits are attributed
channel indicate a fluid uncoupled from a larger moving to the action of meltwater rather than to ice itself.
mass and hence a fluid that, unlike wind, is confined or
almost confined to the channels themselves. The impression on the observer implied by the term

.'. "river of lava" conceals some fundamental differences

The sinuosities also rule out glacier ice, although for between lava and water. The eroding and transporting
somewhat different physical reasons. The curvature of capacityof waterresultsfrom the turbulent nature of its

i the channels and subchannels indicates a fluid with flow. Lava, however, generally flows laminarly and has

__ considerable momentum, eliminating any fluid moving little or no erosive capacity. Lava channels on Earth and

30 JPL TECHNICALREPORT32-1550, VOL.IV
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thc app,ucntly id('ntical fcaturc, l)hoto_rapllcd oll the Ill terrestrial braidcd strcams, tilt, bars reflect deposi-
flanks ot Nix Oly,npica (Ref. III-6: also see Section IX," lion and crosion of sediment ill a q,msi-steadv state. Once
ot this lh',_ort_ torm as liquid laxa _ithdraws from the material is deposited in the channel, flow is concentrated
alrcadx solidified portions of the flow. The truncation of in the llankin,_ channels, scourin,¢ their beds and erodin_z
_)ldcr subth.mnrls at the bottom end of bars in tilt" the i)anks until the bar cmerges as an island. In order
.Xmaz,)nis channel indicates active erosion of material, for 1)raiding to develop, sediment transport is essential.
x_lnch x_uld not I)e accomplisht,d 1)v lava. in addition, tilt, outer I)anks of the channel must I)e

) erodible, so that they. rather than the incipient bars,
l:tuidi/cd SnSl_cnsions of volcank, ash in volcanic gas are attacked. Highly Ilraided streams tend tohave _reatly

itmcc_ ,u-dcntt.st }mxc bcen prt_posed by Cameron (Ref. and rapidl.v fluctuatin_ volumes of flow. Bars generally
111-'7: ,:s the erosixc a_ent responsible for sinuous rilles build up during the hi,¢h sta_e until they ;ire awash.

_ ml the _Moon.The tenc._trial examples cited by Cameron The relief of the .Martian channcls is not mcasurable to

to indicate that nut"es ardentes have si,.mificant erosive all accuracy that xxould allow calculation of the cross
i_)wer ,tplwar. howcvcr, to involve a misreadin_ of her section, but the volume of flow of the Amazonis channel.
,,onrccs. Nut'_cs arth'ntes at Mr. Peltie characteristically which is far from the lar,_est on .Mars, must have been

deposit rather than erode: troughs apparently are formed at least the proportions of its terrestrial namesake.
onl_ ,,p steep sh)pes after the quantity of gas is dimin-

islwd to a point at which the flow is essentially a debris The straight or slightly sinuous single channel upstream
slide rather than a _as-char-,ed flow (Ref. 'III-8). The reflects greater confinement of the developing channel.
17S:3flow at Asama Volcano eroded onl.v below the point There appears to be a raised embankment along the wcst

at which the ash flow encountered and engulfed a pond, bank. 1,7this is not an illusion of albedo, it may be the
transformin_ it into a mud flow (Ref. III-9). The weak edge of a tilted fault block (faults parallel to this occur

"- erosive capacity of ash flows probably reflects a low in the region)along whicb the stream was confined, and
margin of ener,gy above that necessary to maintain the which provided a notch that allowed it to break through
suspension itself: that is. any exl)enditure of energy for the rim of the crater just upstream. Within the crater

erosion would result in the coliapsc of the flow. there is another complex reach. It does not appear to be
in a state of equilibrium as does the braided reach, but

Only a high-density, low-viscosity true liquid moving to have developed in discrete stages. The smooth-surfaced
over a partica!ate bed could folm channels like those higb renmant could be a lake deposit formed when the
in Amazonis. Water would be availuble with less violent cratel ,vas a cle;ed basin, and the channels of different

change from the present Martian regimen than such character may lmve developed successively when local
conceivable alternatives as ammonia or hydrocarbons baselevel clmnged as the crater was breached. The

' or, if the atmospheric pressure exceeded 5 bars, carbon lineated channels here and on the margins of the middle
dioxide itself, section downstream suggest scouring of the bed without

: tieposit!on.
Terrestrial stream channels exhibit systematic ,'ela-

; " ' ' i tionships between their various dimensional character- Altogether, the Amazonis channel and the entire set of

istics and the conditions of flow, and these have been narrower, more or less parallel channels form a very im-
" extensively quantified. Few of these involve planimetric mature drainage system, clearly discordant to the cratered

I data alone, which is nearly all that Mariner 9 provides, terrain which it traverses. It resemble_- terrestrial cat-For example, the ratios of meander length and radius astrophic flood channels more than evolved river systems.
! of curvature to the channel width for the northern The most violent flood recognized in the terrestrial geo-

I channel in Luuae Palus (Fig. 1II-3) lie close to an logic record, the discharge of the ice-dammed glacialextrapolation of the lines of empirical fit for terrestrial Lake Missoula, which produced the Channeled Scablands ,
aqueous channels (Ref. III-10). It is tempting to apply of Washington (Ref. III-11), yielded 40 kmVhr (Re._.

, more complex relationships to the Martian channels. III-12) or 70 times the average discharge of the Amazon.
for example to use the Manning equation to compute The erosional landforms produced resemble those in the

i discharge, but the error involved in estimating small upper part of the channel. While depositional bars occur
differences in elevation such as bank heights and dopes in the Channeled Scablands, they do not have the cora-l

| is so large that the procedure seems futile. Qualitative plexity or perfection of those of the lower reach of the
description and inferences seem sufficient for the present. Amazonis channel. The history of the Amazonis and other
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Fig. 111-3. Large channels in Lunae Palus near 22"N, 65"W. North is at the top. Dire_.'on
of flow in the two large channels is to the east. Width of frame about _ kin. The area
west of the bend in the southern channel (partly concealed by a dark circle produced in
the Mariner television subsystem) is shown in Fig. 111-6. (MTVS 4193-90, DAS 07399738)

Martian cilannels may have invoh'ed a succession of cat- region of decayed ground ice. The relation to the Chryse
astrophic floods punctuating periods of more steady flow. channels revealed by Mariner 9 suggests that decay in-

, volved not merely evaporation but rapid melting of large

Other channels on Mars appear :imilar to those in voh,mes of ground ice. In contrast, there is no obx,ious
Amazonis, but their nature is obscured either by the lack source of water rear the heads of the Amazonis or Lunae

of good narrow-angle camera coverage or by actual modi- Pa!us channels.
, fieation. (Some features resemble, perhaps more than ac-

cidentally, dry desert watercourses choked by windblown

sand.) Teardrop-shaped bars are seen at the mouths of B. Channels ProbablyShaped
the tavo long channels in Lunae Palus, which show bends by RunningWater
that appear to correspond to the free meanders oc ter- A pattern entirely different from that of the channels dis-
restrial rivers (Fig. II1-2). The broadest channels, those cussed above is _hown by a channel in Mare E rythraeum
in Cho'se, show scoured channel forms and depositional (Fig. III.4). The downstream half of the channel shows

• bars. the interlocking tight bends with high, sharp-pointed
inner cusps, irregular widenings, and the (apparently)

The Chryse channels are the only ones for which a large depth-width ratio which are features characteristic
potential source of water is apparent. They head in of lunar sinuous rilles rather than meandering terrestrial
chaotic terrain and have tributaries more or less propor- rivers. Lunar sinuous rilles are now generally regarded
tional in size to the area of chaotic terrain which they as unroofed lava tubes (Refs. Ili-14 and 111-15). The
drain (Ref. Ili-1). Sharp et al, (Ref. 1II-13) suggested that dendritic pattern of tributaries in the upper part of the
chaotic terrain, as seen in the Mariner 6 pictures, is a channel is not found in lunar titles, but resembles that of
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, Fig. 1ll-4. Channelin MareErythraeum,approximately400 km in length,Centerof frame
near 29"S, 4C'W. Lowersectionresemblessinuousrilleson the Moon;uppersection
resembleseptrenchedarroyosof desertson £a,th. (MTVS4160-78, DAS 06354848;
MTVS4245-27, DAS09160804;MTVS4158-87, DAS06283028)

entrenched arroyo systems on Earth. Nevertheless, the I11-15). Its difference from terrestrial rivers may depend
entire channel system see,r,s to exhibit an internal coher- less on the different rheologic properties of lava and water
ence that makes any twotold hypothesis of origin unap- than on the fact that its boundaries are determined by
pealing, for example a lava tube extended headward by thermal processes rather than mcchanical erosion and
subsequent aqucous erosion. A larger channel (Fig. III-5) sedimentation. The speculation may be hazarded that

i in Rase_,a with the same high apparent depth-width ratio sinuous rille-like channels on Mars may have formed by
•_ but lower sinuosity again resembles hmar rilles. In this the partial inching of a permafrost zone.
•_ case its course through heavily eratcred terrain makes a

i lava tube seem especially unlikely. The smaller deep valleys on the margins of wide de-
pressions, notably the great equatorial chasm of Mars,

_' The characteristic features of sinuous lilies on the n,arkedly resemble terrestrial canyon systems (Fig. 4a of

Moon remain unexplaimd. Hadley Rille is clearly not Ref. III-16; also see Fig. V.4a of this Report). In fact, the
'_ the core of a narrow flow (as are the channels on the larger systems on the south side of the chasm are a good

flanks of Nix Olympica), but is thought to have formed match in size and in plan for the Grand Canyon of the

during the drainage of a semieonsolidated lava lake (Ref. Colorado. In both, the side canyons end at steep head-
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Fill. Ill-5. Channel in laeana. Center of _me near 20*S, 182"W. Lenath of channel about
700 kin. The apparently hlah delPth-to.width ratio Is more sulllleative of lunar rillea than

terrestrial river channels. (MT_ 4167.18, DAS 06606778) !,
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Fig. 111-6. Two-picture mosaic showing dendritic canyon system developed from _n angular
fracture set. Wind scour has m')dified the upper pl=Jteau level. Note that the ejecta from
the large crater has been more resistant to erosion. The area shown is about 50 km wide,
located at 22°N and 73.5°W. Sunlight is from the right. (MTVS 4297-8, DAS 13313735:
MTVS 4297.12, DAS 13313806)

_, _ walls, most of which appear to have been etched out Sharp (Ref. I11-16: see Section V of this Report) pro-
along joints ,rod faults. The transformation by erosion of poses that erosion of Martian canyons takes place 1)v
an angular _raeture pattern to a system of curvinlt can- hypoth_,tical dry sapping in which the cliffs are und(,r-
yons can 1),, clearly seen at the bend of tiae southern mined by evaporation of ground ic( without production

! Lunae Palus channel (see Fig. Ill-6). A controlling factor of liquid water. One would expect such a process to act
_ the excavation (ff the side canyons of the Grand Can- uniformly on all exposed walls, and thus reduce rather

yon is artesian sapping, undermining of the head walls than increase anfractuosities. Narrow relicts such as those
by springs. The distance from the Colorado River to in the left-hand picture of the narrow-angle mosaic (Fig.
which these canyons have reached is roughly proportional lll.Tb) saggest that retreat diminishes when the hinter.
to the volume of ground water flow. Art,',sian sapping land is reduced, which would be the case if ground water
could be responsible for Martian canyons as well. flow toward the scarp were important. Nevertheless, some
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mcch.tm_m oft till rec_-ssion on a hruad front s_'nLs nt.. .mall thannels that sug_i_t a surface sot,ret, of water
_. _ar_ to expi.un the re.my wide. flat-floor_l vaih.vs, for :F'i_s. Ill-S aml i11-9,. Tht" pattern of clos,.ly _p.w_l.

" ,'xamph- ti,_,:, in l,:m'nius LJcus _Fi_. 111-Ta_. Broad sliehtly sinuou_ channt.ts joinin_ and rcdividin_ to fona
:.di,-_, .. Earth arc _cnt'raii.v caused by lateral c_)rrasion a reticulate rather than dendritic system, but with a pre-
b_ _..slrt.am nwanderin_ from sidt- to side erodin_ where- pondenmce of junctions in the downsioln, direction, re-

,-x,-r tl,- out,id,, of a i_'nd impingt._ on the valh.v wall. sembles that -vhich devdops on steep l_,diments and
_,dilGr,.,t m_-haui_m is prohal,le for at least son,e val- allm'ial slol_ in arid regions of Earth. On Mars these
h.v. ,m Mars. The cxl.,mat,en of cratt.rs --xsthe cliff re- channels gc,wrally occur on moderatel_ steep lint smooth

tr,-.,t- -c,- th,- mithlh" pi_'tur," in Fig. hl-7b_ points to slopes, particularly on the outcr rims of craters. In _encral.
" .,mh. fi_rm ,J _ai_i_ing r.,tht-_ ,han lateral corrasion. The narrow-angle pictures of these channels are disappoint-

mn,-r ,m.! outer walls of the bend of the narrower can- ingly uninformative, in part because viewing conditions
_ons. which show a broad cura'e on the outside and a happened to be unfavorable, but perhaps also bt_canse

e_t_p...tt,point on the inside, art. approximately equidis- the channels are a_eient and have been sub_t_luently
tant from , ,tropic curve in the center of the channel, modified by oth,-r processes. Excellent narrow-angle pic-

-. sug_estin_ parallel rct-oat, tures, how,-',.r, have l_.en taken of a set of _dlies on the
slolx_S of Alba (Fig. 111-9}.Although here a ease could be

in the sanw vall,T sv._tem, a .large ma._ tilts down into made for an origin as lava channels, channels of this type

the vaih_" tFizz. i i i-Th. bottom IcftL This _s not the usual occur commonly on the slopes of apparent impact craters
pattern of slump, in which blocks slip dcavnward so that (Fizz. !11-8). An atmospheric source for the water is sug-

_ their upper surface slopes back from the valley/which gestcd by the fact that the channels head very close to
eom'.onl.v is sct'n on Mars. as well as Earth_, but one the ridge crests, and by the presence of channels on both
that suggt_ts removal of a considerable amount of ma- the inside and outside walls of the same craters. Such

" terial from the lower part of the slump block, not j_tst at channel nets occur abundantly in certain are_ of Mars.
its outer edge. An analogous configuration in Tennessee, Their distribution may have a climatic basis, although
" und by an analysis of topographic data, has been ex- it may in part represent areas relict from a wider distribu-

plaintxl as a rt_adt of gronnd water sapping (Ref. 111-17). tion, where they have not been destroyed by snbsequent
• geologic events.

in <umma_'. the pattern of elitTs, canyons, and flat-

tioor(_l valleys indicates sapping of some type. Certain C. Planationasa GeneralProcess on Mars
fcat_:_ . _i_ -ifically indicate localized ground water sap-

pin_ ,th,._ possibly can be explair.. _ by dry sapping or The product of scarp retreat is a plain at the foot of
, a , ,.v unloealized ground water flow. Removal of the scarp. If, as suggested above, scarp retreat is the

debt. cmains a problem. Either water was stdt;eient for rt-sult of the action of ruaning water, a plain so produced t
tra_lmrt, even in valle)._ and on plains in which Mariner 9 may be regarded, in a broad sense, as a fluvial landform

pictures do not r_'eal the marks of running water, or to which the channels are merely headward extensions.
.- " the residue after decay of ground ice was so minor, or Whether water in any significant amount eve_ flowed

finely commim'ted, that it could be removed by the _qnd. over the surfaces, except near the head scarp and iP. the

Eitbor hypothesis is ttnu,ble, and both may be true; some eha.nels, is dil_cu_t to determine. Certainly the detail
: arguments for the first are given below, observed in many narrow-angle pictures of such sudac_

points to wind as the active morphologic agent (Rd.
-" The erosional features discussed above have been ex- 111-4;see Section X of this Report), but this reflects the

plained, by the action of water largely of subterranean regime in the present and recent past rather than at the
origin. Melting of gr" -,d ice is indicated in the ease of time of formation of the surface.

. the Chrys.e channels, which enmnate from chaotic terrain,

" and is probable elsewhere. A separate question is whether It has been established as a basic principle of terres-
_ it has rained (or snowed and melted at the s_.rface) on trial geomorphology that regional erosion normally does

Mars. If the Martian sudace has a high ir_ltration ca. not involve a general lowering of ground level, but takes
, pacity, water would sink underground b_ore it would place by recession of a scarp that maintains a character-
_, gather into streams large enc,,gh for detectable erosion, istie angle of slope, leaving a planation surface, or

There are many areas on Mars, however, which ha_e pediplain, to mark its retreat. A history of development!
i

!_ Jlq. _ IPOM _t-lOlJO,VOI. IV 97

] 973023947-056



p,

., r-} _ _" - •
4

"¢ t v /
_"

b *,1
FIT,.Ul-7a. Broad, fiat-floored valley in Ismenius Locus, debouching into fretted terrain.
Center of frame near 41"N, 342"W. Width of frame approximately 550 kin. (MTVS 4251-47,
DAS09378149;, MTVS 4251-55, DAS 09378289)

• FIE. 111-71).This ._mmv4nllle mo_dc shows the detail In the area outlined In Fill. 111-7g.
" Scrap retreat by a_n uppinl would explain most of the hmturu. (MIVS 428_48,

DAS ;0_ MIYS 4251-51, DAS 09378189; MINS 421046, DAS079711342)
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• Fig. Ill-& Gullies on rim of old impact craters in Sinus Saboeus, near 9"S, 327"W.
Width of frame about 300 km. lhe patterns in this figure and in Fig. IIl-g resemble gully
systems on moderate slopes in terrestrial deserts, and may have formed by runoff of
precipitation. (MTVS 4261-36, DAS 09736554)

. of succ_essive surfac_, or denudation chronology, can l_ The same arguments (_.ld be applit_l to Mars. even if
worked out. In the geologically less complex co.tinents, the former _rt_ence of c_.eans ix not excluded a priori.
not_bl.v those of the southern he_,isphere, attempts to

int_.t_r_;te moq)hologic hL_tory with stratigraphie and More sig.ifieantly, the h.vei surfac(_ are the key to
h,t-tonie histori¢_ have met with considerable success dating in Martian histo_'. Relative and eventually abso-
(Ref. 111-18). lute dating must rdy on crater statistics. As on the

Moon, eithtr crater frequency or crater morpholo_,
Analysis of landscape dcvelopm:,nt m, Mars in terms can be used _ an index of age; both depend on the

of planation surfaces introduet_s a perspective to Martian meehanism of erosion. The .assertion by McGiU and Wise
; h/story that- is vzduable in supplementing the approach (Her. 111-19) that crater degradation has been a eontin-

_ i." I_tsed on methods used on the essentially erosion-free uous process is a_suredly premature. There are indi_a-
Moon. Although analogies to Earth may be misleading, tions that some plains on Mars are stripped surfaces

1 they also (,an !]e useful. As a trivial example, it was where erosion has remocud a weaker upper layer and

• i suggested in early press rep_:rtson the Mariner 9 mission stopped at a more r_.-sistantlayer. Craters on these sur-
: that the cli_s at the base of Nix Oiympica could be sea faces may have formed during the earlier period of

• i cliffs. The coroll,ry was not considered, that the sur- exposure. In addition, some levebrimmed craters appear
faces at the base wotdd then be sudaces of marine to be collapse featutt-z developed on younger deposits

planaUon. The ineffectivt_ess of marine erosion in the site of Luried
over impact craters SO that their

producing broad, h.vel surfa_._s was established in the frt_lueney dates, if anything, a surface that is not even

nineteenth century as the outcome of long controversy, exposed.
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, Fig. 111-9.Gullies on slope of volcanoAlba near 45"N, 116"W. Widthof frame about
60 lun. (MTVS4182.96, DAS07039903)

If th._re is no mark,'d layering, planation commonly ever. suggests that there is no single planet-wide con,'rol
, works back from a base level so as to maintain a slope on erosion levels.

at a grade on which it is jr,st possible for debris to be

transported. Such graded surfaces appear to exist on Ahhough they may show features relict from an earlier
Mars, and would be additional evidence for a gravity- stage of cratering and a later stage of eolian erosfon, the
controlled, presumably fluvial, erosion system, but broad plains may be regarded as the most extensive of

" more accurate t.lcvations than currently available are the landforms produced during a fluvial stage o! Martian
nec(_sary to distinguish them with certainty. The prob- history. When this age occurred and whether there was
iem of the control of erosion levels on Mars, whether of more than one are problems that seem answerable with
graded or stripped surfaces, is an important one. If further analysis of the data. Questions beginning "Why"
art(._ian sapping is a maior factor in scarp retreat, are of a different order. If a century of speculation has

• stripped surfaces could mark the base of a permeable not produced a convincing cause for glacial ages on
(or potentially permeable, ff melting is of importance) Earth, the explanation for a fluvial age on Mars may
layer. The presence of multiple stepped surfaces, how- not be soon forthcoming.
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• IV.VolcanismonMars1
Michael H. Cart

_- U.S. GeologicalSurvey,MenloPark,California94025

One of the earlit.st and most significant of the Mariner 9 The volcanic areas are generally high. The three shield
results was the recognition of prominent volcanic features volcanoes in Tharsis appear to lie on a broad northeast-

., on Mars. At the height of the dust storm, which occurred southwest trending ridge, approximately 3 to 5 km above

at the Iwginning of "he orbital phase of the mission, the the mean Mars level (Ref. IV-3; also see Section XXXVI
only surface fcatan'es clearly visible outsidt the polar of this Report); the largest of all the shields, Nix

_ areas were four dark spots in the Amazonis-Tharsis region. Olympica, lies on the western flank of this ridge. The
: Each was soon seen to include, at its center, a complex volcanic features of Elysium are similarly in .t region of

' _ smnmit pit. The morphology of the craters, and their high elevation.

: position atop mountains high enough to be above much Volcanic and tectonic features appear to be closely re- •
; of the obscuring dust in the atmosphere, strongly sug-" lated. Fractures radiate in nearly all directions from the

_este(! a _olcanic origin. As the atmosphere cleared, the Tharsis region (Ref. IV-4; also see Section II of this Re-
: " : four spots were revealed to be centered on four enormous port), especially to the northeast where one of the most

: shield volcanoes with summit calderas (Refs. IV-1 and intensely fractured regions of Mars oceurs. Here numer-
IV-2). Subsequent photography of the remainder of the ous fractures trend northeast-southwest, the san.e direc-

° planet has revealed a wide variety of volcanic features, tion along which the three Tharsis shield volcanoes are
indicating that volcanism has played a major role in the aligned. Additional highly fractured terrain occurs jnst

"_ evolution of the planet, south of Tharsis in the Phoenicis Lacus area, and the

Coprates canyon ("Grand Canyon of Mars") begins on
The volcanic features have a markedly asymmetric dis- the eastern flank of the Tharsis ridge.

-' tribution (Fig. IV-l)"ri_e planet can be roughly divided
into two hemispheres. One includes nearly all the central Because the Mariner 4, 6, and 7 photography was_r

: " volcanic features and the sparsely eratered plains; the largely confined to the densely cratered terrain, the spec-
other, for the most part, is densely cratered terrain: super- tacular volcanic constrncts of the Amazonis, Tharsis, and
ficially resembling the lunar highlands. Elysium regions were unsuspected. On the basis of

Mar/nee 6 and 7 pictures, several authors (Rds. IV-,5 and

1Publicationauthorizedby the Director,U.S. GeologicalSurvey. IV-6), employing arguments similar to those applied to
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Fig. IV-l, Index map showing the location of the main volcanic features patterned. Most lie in the Tharsie-Arcedia and Elysium
regions, but isolated features occur elsewhere. The shaded line marks the boundary between the densely ¢rutered province and
the sparsely ¢ratered plains. Major structures are also shown.

the lunar highlands, suggested that volcanic processes The most prominent are Nix Olympiea (18°:q, 134°W),
had bet,n significant on Mars and were responsible for North Spot (li°N, 104°W), South Spot (9°S, 120°W).

., the formation of many of the craters in the densely era- and Middle Spot (I°N, l13°W), all in the Amazonis-
tert_l terrain. The problem of the origin of the densely Tharsis region, and an unnamed feature at 24°N, 212°W,
eratered terrain is not, however, addressed in tl i section, in Elysium. The Martian shields are substantially larger
The concern here is with the obvious volcanic ._mstructs than their terrestrial counterparts. The Nix Olympica
which lie largely, but not exclusively, outside the eratered shield is 600 km across, and there is some evidence that
t,'rrain. It is assumed that the densely cratered terrain its size has been reduced si_,mificantly by erosion. North,
:s ave W primitive part of the .xf_,tlan crust. If volcanic South, and Middle Spot are each approximately 400 km
features are widely present there, th_'y bear very. little across. The heights are still uncertain, but present indica-
genetic relation to the younger, less ambiguous, volcanic tions are that the summit of Nix Olympica stands 23 km
features that abound elsewhere, above the surrounding terrain (Ref. IV-8; also see Section

": XXXI of this Report), and that the other shields have¢

similar, but slightly smaller, vertical dimensions.
A. VolcanicFeatures

1. Shield Volcanoes Although they differ in detail, the shields all have the
same general characteristics. Each is roughly circular in

: " ' " The largest volcanic features on Mars are shield vol- outline and has a central summit depression. The central

: canoes. The term "shield" is applied to terrestrial volea- pit may be simple or complex. South Spot (Fig. Iv-g),
_." noes that are built by successive outpourings of mainly Middle Spot, and the Elysium shield all have simple

basaltic lav_.s into broad, gently sloping structures. Mauna summit craters. Nix Olympica (Fig. IV-3) and North Spot
Loa in Hawaii is the classic example and the largest have complex summit calderas in which successive col-
active volcanic feature on Earth. It is approximately lapse pits have formed about different centers. At the

:, 200 km across at its base and stands approximately 9 km scale of the wide-angle camera, the flanks of the shields
above the sea floor. The main mode of eraption is rela. have a fine radial pattern that either feathers out into the .,
lively quiet effusion of lavas either along fissures on the surroupding terrain or terminates abruptly at a scarp

" flanks of the structure or from the summit caldera (Bef. marking the edge of the shield. The radial pattern at the
'" '" IV-7). outer edge of the South Spot shield is unusually coarse

and results from numerous radially elongate lobes, super.
By analogy with terrestrial examples, the term shield imposed on one another, and more rarely from short,

has been applied to several feattwes on Mars which ap. sinuous, rflle-like radial depressions (Fig. IV-2). Narrow.
pear to be broad voleardc constructs v'.rh central calderas, angle detail of the flanks of Nix Olympica (Fig. IV.4) also
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Fig. IV-2. Westflank of the shieldvolcanoat Nodus Gordii (9"S, 120"W), informally
calledSouthSpot.The smooth-flooredcentralcalderais approximately140 km across

_. and surroundedby a smoothzone with concentr;.cgraben.Beyondthe smooth zone,
the surfacehas a marked radialpatternmade up largelyof numerousmutuallyinter.
secting,radiallyelongate,lobes.Thesurroundingplainsanpaarto coverpart of the sh;eld
to the southwest.(MTVS4182-45,OAS07038748)

reveals long, radially elongate lobes and a narrow channel- on ;.tsflanks (Fig. IV-6) in addition to concentric lines of
' : like feat,tre, interpreted as a lava channel or collapsed craters (MTVS 4267-52. DAS _2917609_,.-_Sonic txmcen-

lava tube, runuing along th:" crest of a low radial ridgt., tric stractures occur outside the shield itself, and very
On all the shields a much coarser, crudely concentric, prominent concentric cracks occur just to the north. Near

: pattern is superimlx)sed on the radial pattern. The con- the central crater is a different type of circular _tructure,
centric pattern appears to result from slight breaks in part scarp, part ridge; its center is farther 'mrth than the
slope which divide the shield flanks into a series of indis- center of the central crater (Fig. IV-7). The origin of the
tinct, rounded, sometimes mutually inte. ,ring terraces, structure is uncertain. It may have formed by movement

•. along a circular fault or by ring-dike intrusion, or both.
The Tharsis shields have, in addition to the subtle

slope changes, a well developed concentric fracture pat- The three Tharsis shields appear to have, undergone
tern. South Spot has a prominent set of graben im- modification that is in some way related to the major
mediately outside the central crater and several less northeast-southwest structure along which the three
distinct circular fractures as far out as two crater diam- shields are aligned. The northeast and southwest edges

. eters from the center of the shield. Along parts of some of the Tharsis shields are embayed, and the shields are
of the fractures are lines of craters.

_Numbersin parenthesesthat appear in the text refer to Mariner9

North Spot and the _lysium shield (Fig. IV-5) both televisionpictures not included in this section,bt,t that providead-ditional pertinentexplanatorymaterial.All Mariner9 pictoresmay
have _ncentric fractures as far a_ 300 lan from the ten- be ordered from the National Space Science Data Center, Code
tral crater. Middle Spot has numerous concentric graben OOl,Greent:elt,Maryland20771,
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Fig. IV-3. Computer-processed picture of Nix Olympica (18"N, 134"W), the larlest of the
Martian shield volcanoes. The structure is approximately 600 km across. The summit
caldera is 65 km in diameter and stands 23 km across the surrounding plains. The edge of

_ the structure is marked by an escarpment approximately 2 km high. (IPL Roll 1288, 160226)

, ,_

;; cut by numerous closely spaced, linear, almost crevasse- steep escarpments. The most prominent of the Elysium
like, depressions aligned along the northeast-southwest shields gradesimperceptiblyinto the surroundingplains in

i direction. The embayment in the edge of South Spot such a way that its edge cannotbe precisely determined.
almost reaches the central crater. Sparsely crate,.ed ter-

• rain surroundseach of the shields, and contactstake vari- Nix Olympica is unique among the Martian shield vol-
-_ ous forms.The edge of the Nix O1)_npicashield is almost canoes in being surrounded by an aureole of what ap-

everywhere a steep escarpment against which the sur- pears to be highly fractured terrain (Bef. IV-4). This
rounding plains abut. In contrast,pla__smaterialsappear distinctive unit extends from the edge of the shield to as

_" to cover the edges of the three Tharsisshields so that the far as 1400 to 1500 km from the shield center. It is not
radial and concentric structures of the shields are trun- continuous, but complexly embayed by the plains. The
cated as they dip beneath the plains (Fig. IX-8). Scarps terrain is made up of closely spaced, elongate, sub-
occur only to the northeast and southwest of the shields, parallel ridges and troughs such that the tops of the
around the embayments. Here plains materials appear ridges form accordant summits at a somewhat higher
to have encroached at the expense of the shield to form elevation than the surrounding plains. The individual
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Fig, iV-._.Narrow-anglepictureof Phenorthwestflanksof Nix Olympicsshowingthe line
surfacedetail.Thearrowsindicat_radiallyelor.gatelobes.In the westhalfof the picture,
on topof a lowridge,is a 250-m-widechannel,interpretedasa lava channelor collapsed
lavatube. (MTVS4133-96, DAS05492413)

troughs are for the most part embayed by the plains created a relatively fresh surface on the shield. There is
materials. Movement appears to have occurred along a strong contrast between the structure of the aureole

._ arcuate faults, which, west of Nix Olympica, divide the and the structure of the shield. No traces of the large
fractured terrain into a series of blocks that dip gently arcuate faults that cut the aureole can be found on the
northeast, shield. The finer-scale fracturing of the aureole is also

absent. The major structures of the aureole are so large
r The origin of the aureole is unclear. One possibility is that a considerable thickness of younger deposits would

. 'L that it is a pediment that formed as the escarpment be required to achieve their complete burial. The impli-
around Nix Olympica advanced toward the center of the cation is that the aureole is older than much of the upper-
shield. Another possibility is that the aureole is all that most portions of the shield, suppo:ting the hypothesis
remains of one or more ancient shield volcanoes. The that it represents the remnants of one or more old sI,ield

.,. _ pediment hypothesis implies that the Nix Olympica shield volcanoes similar to Nix Olympica but long _ince de.
was once two to three times its present size and that it strayed.
has been reduced to its present size by erosion. There

1 are several difficulties with this interpretation. The sur-

: . face of the Nix Olympica shield appears to be relatively 2. Domes

_. : young (Ref. IV-9; also see Section VIII of this Report);
• a very fine surface texture is preserved on the aanks, and In the Tharsis region are several volcanic constructs

very few impact cn,ters are present. Thus, if the aureole that differ from the shields by being smaller and having
is a pediment, then either it had to form in a relatively steeply sloping sides. Their genetic significance is uncer-
short time during which there was little modification to tain. They may be the form that a shield takes with only
the surface of the shield itself, or renewed eruptions a small volume of lava. On the other hand, they may
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: Fill. IV.5. (a) The Elysium shield at 24"N, 212"W. The stru_ure is approximately200 to
250 km across and markedly symmetrical. Concentric fractures occur as far as 300 km
from the central crater. The surroundin8 plains am more heavily cratered than in the
Tharsis resion. (MTV$ 4298-43, DAS 13496123) (b) Narrow4nile detail showing the
central crater end the fine radial structure on the fhinks. (MTVS 4298-39, DAS 13494088)
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Fig. IV-6. Two-pictur_ nlouic of the shield volcano at Pavonis Lacus (I°N, l13°W),

_ informally named Middle Spot. The entire structure Is approximately 400 km across. The
central crater is 40 km in diameter and Intersects a ring structure to the north. Concentric
tmuhen occur both on the flanks of the shield and In the surrou.dins plains. To the
northwest ere emba$_llents in the edge of the shield• (MTVS 4184-54, DAS 07111128;
MTVS 4:84-6(1, DAS 07111198)
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p if "_.i_" ._. __ in contrast to the _m()oth appe,u'auc(' o! ;l.' txxo (h)n.'_

,. . '..'. • tral pit. but there are nt,..'rous sm.]l ('rat,,r. , ._ 13 k.,,
.. ' ' /_ Oll th(' _,nr|i).(.c.th(' ]0.rE('stal)p('al_ to 1)(' a cahh.r,t th,lt

• :_ __"_±_'" ,,",.'""- . _ . ,,_ Radiatin_ trom the crater arc .st'ver:d narrow ch:um_ Is... :. j , _., chains of craters. ,nd lltllllel'OtlS tint' stri.u'. A n.u-row
_" -, . .:. . sintlous channel occurs at the ('a_tcrn ('(1_(' (;f tl_(' (h,me

/ • • _:_41_ "k " at its junctio,, ,,ith t],c _,,rrou,,di,,_ pl.d,,s. Th,' si,rfac,"- .- ' _ ''_':'.-".-'.. features of the dome al)p(.ar to dip und('r t].' su,-roun(1-

• . , . ., - " into tlle (lome (Fi_, IV-IO1)).

• 3. Craters

.... -.d'_. _. "_I Se"eral crate"s, morphoh)_ic.tlly disti"et fro"' t.xl)ica'

_-: """'_ '_Jl_ in,paetcraters, oeeu,'intheThalsisandEhsiu,nregi,),,,.- " • These cratcr.s arc pr('sumed to l)e volcanic. Particularly
(listinctive 1)ecause of their scalh)ped outlines are multipleFig.IV.7. Obliquenarrow-angleviewof the centralpit andring

structureof MiddleSpot.Thesmoothcrater-freefloorandtalus craters at 40_N, llO=W (Fi_. IV-11), :36°N, 9:3 W (Fi_.
on thewallsof the summitpit are clearlyvisible.Radialr_dges IV-Sa), and !1_N, 185°W, Crater rims, where l_rt'sent,
similar to lunar mare ridgesconnectthe centralpit to the ring. have a smoo._hstu-fac(, that terminates against the sur-
Thedark patchesformedduringthe missionand are almost rotmd]n_ terrain with a sharp break in slope, _iv'u_ the

,. certainlyeolianin origin.(MWS 4267.44,DAS09917329) fe:ttures very distinct circular outlines. These circular• .

outlines contrast markedly with the irregular stellate out-
lines that characterize the rims of large, fic.sh impact

mc,_c.:_ca differ('nt la,.a chef ns,.rv. They are su{ficientlv craters. Other probable volcanic craters to the west of
distinctive morph,flogieally to be separated from shield \liddle Spot have a simph, outline, but they also h,ve

• v(,leanoes and are here termed "domes." At I3°N latitude, smooth, regularly shaped, well demarcated rims.
91° longitude, is a dome approximately 180 km across
with a eenh'al summit pit 60 km across (MTVS 4189-72,: The ('raters at 40°N, llO-W, are at the center of a

DAS 07255898). The flanks are smooth, convex upward, much larger circular str,,c'ture. The regional northeast-
! and form a sharp contact with the surrounding plains southwest fracture patterns are deflected around the

, , (Ref, IV-2). The central pit is complex, consisting of sev- structure, so that the fractures form an almost eomplett
oral nested craters, each with steep walls and level,
sparsely cratered foors (MTVS 4231-39, DAS 08657889). ring approximatel.v 70,) km in diameter (Fig. IV-11). At• the center of the ring is a complex of several intersecting
Some larger, more subdued, circular depressions occur craters. Fain, radial ridges comwct the craters to the

, . on the flanks on either side of the central pit. Another fracture ring; otherwise, the terrain _ithin the ring is
, lS0-km-diameter dome at 24°N, 97°W, differs markedly relatively featureless. Outside the ring is a faint radial
, from the one just described (Fig. IV-8). Numerous tie ely pattern similar to that at the edges of the ! rge Tharsis

spaced, fine cham_els run from the central pit down the shield volcanoes. Narrow-angle television pictures show
flanks of the dome and disappear under the surrounding the radial pattern to result partly from numerous fine

i plains (MTVS 4271-52, DAS 10061459). A larger channel, channels with well developed tributaries (M.'_rS 4182-2 km across, begins in the central crater and ends in an 96, DAS 07039903). Several impact craters occur both
' irregular depression ';n the plains just beyond the edge
' of the dome. Several other more subdued domes also on and within the fracture ring. In the discussion below, ..

a case will be made for this feature being an old, partly
occur in this same north "1harsis region, collapsed, shield volcano.

¢,

' A d_fferent type of dome occurs in Elysium at 32°N, 4. Other Central Volcanic Structures
,_ 209°W. It is approximately 200 km across, has a fiat top,

but steep sides that terminate abruptly against the sur- Throughout the cratered province are many craters
rounding plains (Fig. IV-9). At the resolution of the with morphologies difficult to reconcile with a simple
wide-angle camera, the top of the dome appears rough impact origin. Many may have been changed so
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The strut'turt" has I_'t'n _i_t.n tie. iidormai n.lmt. ,d

_ "damh.li,m' I..ca,,_t. of it_ tto_ur-likt, apl_'aranc,'.
+

,.._ = - _i.._t , _t' km s(mthx_t",t o,_ the-damh'limC i_ .nlotht+r

'; _ " ._."f_.__"" f-" I)r,d_abh" voh.anic construct tFi_. IV-I3L An indistin(I
• _lt'_', -e=_ d¢.Prt._._ion.7(I km in Jiamct¢'r. oct.t:r_ in Ihc ccn'.er of a

--,+, �hstruclurc appro\imalcly ;_._} km across. The fbnks have
a lmm,mnccd radial pat/t'rn that t,.rmiliat_.'s abrupti}

" "_""_ ¢ a_ainst the su-; mndin,_ plain_. Several irrcgular th.pres-

- sions ,,=l_c,tivt" of collapse" oc'_ur i:= tit" plains beyond

• -_ tlw t'd_(' ('t tilt" t'cntra] structur,.. Tit(' numl_'r of imp,tct
. . =; (fit, " "- 2 - crat:.rs ml tilt' fi'aturc, u._.'st._ that It is much older than

"-_. _, . tilt. volcanic featurt._ of the Tharsis and Elysium re,ions.

, " -, 5. Volcanic Plains

....'- 11_ Willie the radially sv,nmctric volcanic structmes such
:LS thc .shields anti domt's prt,st*,t tilt- mo_t _pcctac-ular

Fig. IV-9. Rat-toplx_l dome at 32°N, 209"W, in Elysium. ]'he cvith'not" of _olcanism on Mars. tilt, materials that fonn
structure is aplxoximately 200 km across, has a very sharp
outline and no large central summit pit. A channel suns lion8 Ill(. sparsely cratt,rt_l plains inay Ix" volulnt,tricallv mort,
the northeast edge of the structure. To the west is an trebly- si_nilit_mt. Tilt. plai.s, which surroundthe ccntral struc-
ment amend which an escarpment has developed. (M13¢$ tur_.s, art. rdat_vcly fcaturdt.'ss at tilt' resolution of the

4242-56, DAS 09054544) widc-an_h, camera. _arrow-an_le pictures, howl,ver.

" t+Olnlnonlv show Ion,.'. low. Iol)ate scarps (Fig. IV-lOb)

l],t_r<m_hly 1)x (.oli,m pro:-(.s_t_ that tile characteristics that strongly rt.-st.mble featnres in Marc hnbriunl on the

-f imp,wl h.ivc I)ccn ahno._t completely obliterated. Moon. Tilt, hmar scarps, which have lwen widely iuter-

Otlu r._. howct('r, arc ._o unlike typical impact craters pret(xl as lava flow fronts, are difficult to discern, and

that ._mm. furm tff volcanism must Ix, invoked to explain relativ(.ly fcw have lx_,n d_.umented. In contrast, lobate
th-.ir origin The.re at+" widesprcad areas formtxl by flow fronts art" visibh, on many. i[ not mr,st, of the

volcanic plains in thc craten'd province-(see below), so narrow-angle pictures el the plains in the volcanic

th,:t tlw prcscn(_, of volt,talc cratcrs ill the reeion is regions of Mars. Ridgt_ similar to lunar mare ridges are
not ._urprisin_. Two i)articularly striking examples are al._o t_)nuuon, particularly on some of the more heavily
dt-,('rii_xl hcn'. cratcred plains. By analogy with the hmar maria, then.

' the plains art, prohably larRcly vok_mic in origin. Eolian

Ill tht. cratercd tcrrain at ?.:3°S, °38:W, is a probable deposits may Ix' pn;.'sent locally, and are particularly
volcanic h.aturc untLsual Imth ill its location outside likcly iu those areas whcrc littlc surface detail is appar-

thc main volcanic regions, and in its pcc-diar morphology ent. It is ch'ar, from the :tit/trent extent to width the

' (Fig. IV-12L Till. feature lies wel; within the cratered plains h:ive bccn cratered, that tilt,)" are not evc_'wher(.

i t, rr:iio, bnt in an area wherc there appears to bc a the sanw age.

rvlatively young, sp,trse]y cratcred unit, which resembl_

; the hmar maria. At the center of the structure is a In many areas of the dt'=tsel)' cratert_! province, the

+. i circular deprt_sion, approximately 15 km across, con- cratered surface appears to Ix, partly or wholly covcred
nect(_! Iw a channel to an elliptical depression of similar by plaim-forming materials. In some plat-t-s, as around¢

dimcnsions, 85 km to the southwest. Around the central the voleani,., feature at "2;3°S, "258:W, the ta'atered tcrrain

"i depression is a frat_u'c tin-. approximately 45 km in appears to ix" +vmpletely buried; in other areas, only a

+; d;antctcr. Numerous n.!ges :rod depressions extend out- subdued impression of the largest waters is apparent.
ward from the ring as far as 200 km. A 4-kin-wide, fiat- In yet other areas, only the smaller craters arc buried.

floort_! channel cxtcnds to the southwest of the Hng; a Sut-h effects could el-suit from eolian depos=tion and this

narrower, more sharply defined channel occurs to the almost _rtainly has occurred. However, volcanic activity

northwest; several oth.. channels may be seen to the also appears to have been widespread, as indicated by

west. The eastcrn part of the stnacture appears to be lobate scarps (as at 5"S, 343:W), lunar-hare-like ridges,

buried by material resembling that of the lunar maria, and irregular depressions, and products of this activity
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| of craters and fine channels radiate from a 9-1un-wiclepit that has undersone multiple
! collapse.The fine channels disappear under the surroundlnl_plains in the extreme south-

west cornerof the picture. (MTV$ 4242.59, OAS 09054379) (b) More narrow.n_ detail
of the Elysium dome showinll the escarpment at the west edp and the radial chmnneb

" buriedby the surrcmndin_ plains. Lobate structure on the plains are stro_tly SUl_
of lava flows. (MTVS 429_5], DAS 1349_168)
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Fig. IV-11. Arcadia ring at 40ON, 110°W. A no,theast-southwest trending set (,f tractures
is deflected around a circular Structure tO form a frectu,e ring 600 km across. At the
center of the ring just below the dark hand are some shallow depressiors with scalloped
walls. Radial ridges connect the depression and the fracture riqg` Outside the fracture
ring, the terrain has a radial pattern similar to that on the flanks of the. Themis sh_;ds.

, The white patch tO the northeast is • cloud. (MTVS 4222-69, DAS 08371134)

may cover much of the cratered surface. Thus, although the lack of plate movement. It will be fu,'thcr argued
the n,ost SlWt_acular volcanic featurt.'s occur in the that vok.-anism has been an active proec ",_. vet).
spa_sel.x crah.n.d n'_ions, Imth volcanic plains and cir- early in Mars hLsto_'.

• cular constructs are hmnd within the densely cratered
plovinct, indicating that volcanism has heen in effect One of the most striking charactcr.,stic_ of the volcanic
all over the planet, featur,.s on .Mars is th.lr distribution. Mars can be

di,,idcd into two hemispheres by a plane dipping 50°
to the equator such that on one hemisphere are nearly

i B. Discussion all the volcanic features and sparsely cratered plains,

and on the other is nearly all the densely cratered tot-

in this discussion, it will be argued that the crust of rain. The division is not exact, as some cratertxl terrain

Mars, in contrast to that of Earth, Ls stationary with occurs in the volcanic henaL_phere and _iee versa; never-rtspect te the r(.'stof the planet. Th-re arc no apparent theless, the difference between the two hemispheres is

Martian equivah.nts of terrestrial subduction zones and striking. By analogy with Earth, one can invoke a simplemid-oceanic ridges that accompany crustal pbte motions, convection ctll within the mantle of Mars such that

The volcanic features typically associated with these upwelling occurs in the volcanic province and dm_m-zunt-s on Earth art' similarly absent on Mars. On the welling occurs in the cratered province. Some support
other hand, Martian equivah,nts of jntra.plate volcanic for this model is derivt_! from the fracture pattern around
features, such ;_s shield volcanoes and flood basalts, do the Tharsis region. Fractures extend several thousand
occur, alheit in a somewhat different form because of kilometers out in different directions from Thars/s to
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Fig. IV-12. Volcanic complex il, Mare Tyrrhenum (23*S, 253*W). Numerous channels and
low ridges radiate from a 15-km<liame_er central depression surrounded by a fracture
ring 45 km across. The eastern part of the structure is partially buried by t_e adjacent
plains materials, which resemble lunar maria, (MTVS 4238-56, DA$ 08909224)

fi_rm a p.'.tt_.rn_imilar to that which occurs, o, a much 1. Factors Contributing to Incidence of Volcanism

_m.dlt'r scah'. ,trou.d tcrrestrial diapirs sueh as salt The incidence and type of most terrestrial vol:.anoes
: domes. The' fractures art, what o_w wot,ld expect from a

are closely controlled by moveme,at of the crustal plates
broad domieal uplitt aro:md Tharsis as might be eaus('d with reslx'ct to one another (see, for ,.xample, Refs.

:. by. npwelling of the unch.riving ,nantle. IV-10 through IV-12). Most, bot not all, volcanism is

concentrated along the plate iunctions, the type of vol-Even if such convection has occurred in the .Mart,an
canism depending on the type (;f iunction. Along mid-

: re;retie, it does not app,,ar to have caus_'d d;ffcrent parts oceanic ridges, where new crust is being for:ned, volcanic
o! the crust to move laterally with respt_.t to one another• activity is mainly tholeiitic, accompanied by minor
It is tempting to look upon tl,e Coprates canyon as a " "
rift zone, away from whirl, the crust has moved, and to amounts of alkaliue at)d olivim, basalt (Re[. IV-13). At
interpret the Phocnicis Lacus rift zone as a transform subduction zones, wl;tre the plates are consumed, vol-

canism is more varit_l. In th(. case of a continental platefault. This interpretation does not. however, survive
close scr, tiny. as the complementar), transform fualt at over-riding a downgoing oceanic plate, the volcanic Ix,It
the east end of the canyon is ,nissing _nd there is no may ;w zcntxl, either with tholeiites near the junction
evidence of linear subduction zones anywl',ere on Mars. and high-alumina basalt_ al_d alkali basalts in succession
Terrestrial sulxluction zones, with their intensely folded inland, or wit;, 9ndesites near the jt,nction and mort'
arcuate mountain belts, are evident eve, on very poor potassic rocks inland (Ref. IV-14). At the junction of two
.,atellite pictures, and on Mars any subduet_on zone oceanic plat(._, magmas are mainly andesitic; at
should be similarly visible. The almos_ complete lack of continent-to-continent junctions, very little volcanism
other compressional features or strike-slip structures also occurs (Ref. IV-12). Several t_pes of terrestrial volcanic
argues forcibly for a crust fr_ of lateral movement. This activity are difficult to relate to plate margins and sub-
conch, sion is strengthened by the :ypes of volcanic duction zones, although they may have been at_oeted
features on Mars, their distribution, and their size. by plate movement. Conspicuous among th_'se are the
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Fig. IV-13. Volcanic dome at 29°S, 264°W, at the laartheast edge of the Hellas basin. The

central depression, at the western edge of the picture, is indistinct, but a strong radial
pattern on the flanks is clearly visible• Superimposed craters suggest a relatively old age.
(MTVS 4290.04, DAS 11974069)

volcank'_ of mid-oct..talc islands ._oeh as Hawaii, the 2. Comparisonofh,xOlymp,caWith Hawaiian
suba_,ria] floo(1 basalts such as those of the Coh,,nl)ia Shield Volcanoes

: River plateau (Ref. IV-15) and Greenland, and the con- Comparison of the terrestrial and Martian shield vol-
focal _)k.an_-tectouie co,nph,x(,s such as those of the ('anoes will be explored in some detail, as each feature
.Mogollo, plat('au 01eL 1V-6L

may contribute to the understandiilg ot the other. The
• Martian shit,ld volcanoes appear to Iw much larger than
" It is _:ulv these last three types of features that appear their terrestrial counterparts. The large size of the shields

to have equivak,nts ou Mars. There art, certainly many on Mars ma.v result from being stationary over a magma
"_ rtsemblances between Hawaiian and Martian shield vol- for a Ion_ period of titqe; in contrast, terrestrial_- source ,

canot_, and between the Columbia River basalts and the shield volcanoes arc ahnost (ertainly moving with respect

.Martian plains. A less eo_i¢in(.ing ease can be made for to their nw,_'.masource in the maP';", and become extinct ,• rt_,:emblanct" belaveen some of the large ring structures on before achieving a comparable size.
Mars and terrestrial ring complexts. Features resembling

stratovoleanoes and breached structures that might be The largest and best known terrestrial shield volcanoes
indicative of explosive activit3" are notable for their occur in llawaii. Active shields lie at tht southeast end oi:

absence on Mars. TerrestriaUy, the_e types of volcanoes the Hawaiiaxt Emperor chain, a line of extinct volcanoes
(pyroclastic and explosive) are most common inland of that stretches several thousand kilometers across the
subduetion zones in areas of andesitic or alkalic volcanism. Pacific Ot_ean (Ref. IV-IS). The presently active Hawaiian
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_olc,u,-c_. Kil.m<..c Mauna I.oa. and llualalai are .it lhe I_'¢! b<'m'ath ;he llax_aiian Emperor th.dn, we can

_outl.'.t_tcrn t.,,¢l of the l law,dian Archq_¢,li_o: ;_heother calculate how Io,l_ it would take to buihl N;x ()lx mpica.
llax_aii,m _oh.ancw_ I.'c¢.nc progress;rely older to the l_ec't'nt phot()_ram,,n_'tric data indic, de that the summit
,orthx_t..,,t ,R_'f IV-I7_ Kh_;l_,-h.-.. ,I,,...,.xul_:';ar;i,: ,,,l- ol Nix ()l"mpica. i_ ".)_"_km aboxe the surromldin_ plains.

can.c, that make up the lt.,uaiiaI: Empt'ror chain he- which is il_ '.z'(_)da_rccmt,nt with thc ult:av.det SlWC-
t-olllt, i'ro,.,rcs_ix_.l.xohh r tt, the northxs¢ st such that K(,ko tromett'r yah,, of :25 kin. Takin_ ¢_1km ;is t]w diamt.t:'r

S,.au,,mnt al,u,t ._X km tr-m llawaii, is 46 million of the summit Fit. and 600 km ;is tl," diameter of the
",. xc,,rs -hl tR,.f. IV. Ibl. Ea,.h indixidual volcano of the t'mire structure, then the volu:nc ot Nix Olympiea is
; ch.ti,l appclrs to _o throu,.zh .l similar ev:dutionary cycle.. :2.6 _" I0' km . Shaw _Ref IV-2:2_ estimates that. in about

, _ .m initially rapt,'! sta,.z'('o[ bui',din,z by dw quiet effusicm tl,' last 45 million year,;. 8.5 ". lO" km of ]axa hay,'
of thoh.iitic lavas is followe.l Iw a less t'opious, more erupted to form the tlawaiian se,::,wl:t of tht' ]lawaiian

"_, pyrotla_tic sta,.z,c with .'rupt,on of more aikalic hasahs. Eml)eror chat,. This _ives a rate of accumulation of

h.:waiitcs, and mu_,'arites. In the final sta_es, nephelinitic ab.ut :2 ". q) : km'/vr over tl_t' last J5 million y,'ars. If
.rod n'iated rocks may he urupted, after which the vol- we assume the same rate for Nix Ol.vmp_ea. it would take
cano be.comes inactive (Ref. IV-19_ 1.'_0million years to construct the entire shield. Clearly

". this number has value onh" for comparative purposes, as
Accordin- to Swanson _l_,'f. IV-20L the ratt ¢ff ma,,,ma wc h,ve no idea what the accumulation rates actually art"

supph to kila,wa and _.lauoa l.oa since 1952 averages on .Mars. One huntlred and thirty million years may be a
tl.1 km/yr, which could build the present Mauna Lot minimum accumulation a_e because, for comparisoo, we

st,uct,nc within 0.'3 million: years (Bt,f. IV-7L This figure l:ave choseh the Hawaiian Emperor chain, which is the
is cxmsistent with K-Ar dates _Bet. IV-17) a_d pak_mag- most active volcanic feature on Earth. The choice was
netic data _Ruf. 11,'-:21_.The re is. hoxvever, some evidence based partly on analogy and partly on the fact that more

that the eruption is episodic and that the very recent is known about Hawaii than any other active volcanic
rat_.'s may be a nmximum for the Hawaiian Emperor feature. A n,ore valid corn ,-ison might be made xx,tl_
clmin as a whoh, t llef. 1V-2:2'_.The source of the magma some of the h'ss active n,_d-oeeanic islands such as
is problcmc.tical, lint Earthquake tremors as deep as 50 Reunmn and the Galapa_os but accurate data on erup-
to 60 km directly lwnt'ath Kilauea (Ref. IV-2;3) and tion rates are not available. It appears hkely, however.

•, ex_:tic xe.oliths in sore,, of the lavas (Rcf. IV-2JI have that Nix Olympica would take a few hundred milli_'m

bet.n interl_rcted as indiuatmg origin from depths of at :,'ears to huild at the lower ertq_tion r'_tes that are more
h.ast 60 'm. typical of mid-oceanic islands.

Wil.,.on IRef. IV-25) su_,,_ested that the Hawaiian Ahnost certainly we are not seeing all of Nix Olympica
Islands formed as tit" crust and the rigid part of the that once existe,'l. Part has been destroyed by whatever
upper mar, th, moved nortl_west over a fixed "hot spot" in mechanisn_ is caEed on to form the escarpment around

/ • . ,_
the mantlu. Morgan tRef. _-"6) extended the eoncept the structure; part must be hidden because of subsidence
to include tht' t'ntirc Hawaiian Emperor chain as well as of the crust under th," weight of the huge volcanic pile.

several other chains within the Pacific Basin. He also Considering these probable hidden and destroyed parts
int,'oduced the concept of "convection plumes" in the of the shield, it is not inconceivable that Nix Olympica
],)wer man'h,. According to \lorgan, thermal instabilities could have been accumulating for as long as a billion
near the cor(-mantle boundary caused upward convection years. Furthermore, if the interpretation of the aureole
of a phmw of hot nmntle rocks. Where the plume comes of grooxed terrain around Nix Olympica as remnants of
in contact with the rigid lithosphere, its constituent mate- ancient shields or extensions of the main structure is

i rials ¢pread out over a large area to migrate slowly back correct, then volcanic activity, may have been taking
dmvn to the lower ,nantle. Shield volcanoes form over place at the site for eonsiderably longer than this. The

the plumes and become extinct as the plate on which the alternative to this reasoning is a high rate of eruption
shield sits moves away from the site of the plume. Pro- compared with the most typical terrestrial analogs.
tr wttxl mo,'ement of ;.he Pacific plate over the stationary

plume presently under Hawaii has resulted in the The probable long accumulation time implies that the
Hawaiian Emperor chain, Martian crust was stationary with respect to the mantle

for long periods of time. Astonishing rates of volcanism
If we assume that in the Martian mantle, be.eath Nix would be required to build Nix Olympica ff Martian

Olympiea, _ plume exists th-'-t is simila_ to the one pro- crmtal plates were moving with respect to the magma
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_,mrce. Other tcalurc_ t;f _Martiau xolc,moc_ rt*flect this conclusion is consistent with the" _raxit.x ,morn,rib's ".hat
' laWral stabilitx. Their radi,,I ,,xmmctrv and lack of con- occur in tlw "lhar_i_ voicanic rc_i.n _Rcf. IV-2",_.

._ ti_uou, thai1,, contrast _ ith the llaxvafian sh,.his. _ hic'h
! - I i •

.,i,.,.t _,-Jt.,.,,_ f,,rm iJ, c.ams as a _-'_uJtof reJ.ltzve 3. Comparison of Nix 01ympica With Other Martian
sh;tt_ I.,tw_,_,n h'rrc_tria] ]itl,o_pln'r_' and mantle. The Shield Volcanoes

• apl),zrczfl lack of .Martian xok.,tnic constructs indit_ttive
ot p)rotlastic activitx is also xxortl, noting. In thc case of Nix Olympica has tin' fresln'._t al)pcaranc_, of all

., tl, tl.ix_.tii,m ,hi_'hls. the I_h' px.roclastic, alkalic sta_e .Martian shield volcan_cs. Scvt,ral lim..s of cxid_.nce su_-
/ }lax bccn attrihut_.d to ditfcrc:,tiatiol, in a lithospht'ric ,.z'cstthat thc Tharsis volcanoes are oldcr and in xari_m_
;" ma_ma chamlwr that has been i_olatt,d from the ma_ma stair's of collapst'. "h, _urfat'cs lack thc finc wxture that

- source de_.p in tht. re,intl," ,c_a rcsuh of plate movt'ment occurs on the ttank.s of Nix OIxmpica, su,.z_'stin_ an okh.r
_lh'f. IV-25_. If a ,,tabh' .Mars cru,,t is assumed, a ma_ma a,_e for their sl,rfac,'s. All of tht* Tharsis shields hav_.

chamlwr in the litho_pln'r_' In.neath the volcano could not arcuatc faults on their flanks and in the plai_,,, j,,s.
bc cut off from the ma_ma sonree to fractionate in isola- I)evond thl' t'd,de of the shiekls. These are lackin_ at Nix

? tion aud produce alkalic differentiates. The' late p.vro- ()lympiea. The structures are interpreted as faa',ts a]on_ -
" clastie siam,, tht,rcfi_rc, would not bt. cxpect_'d to occur, which the central part of the structurc has subsided.

" fit shoukl In, noted, however, that Jackson and Wright Of the three Tharszs shwhls. St,uth Slmt appears to Iw in
.- _Ref. IV-2-t! rio not a:_r_c with Wilson that the alkali tht. most adx,mc_'d stage of collapse, and North Spot

lay.is are difl:ercntiates that form as a resuh of phase appears to be the freshest. The lar,ze size of the summit
mox'emcnt. They I)clicve that copious i'ruption of tholeiitie pit of South Spot compared with the other shields su_-
basalt:, lc.,l.-, tt, chemical ht.tero_encitie._ in the mantle. _l.sts that it has I)een enlarged by collapse alon,¢ arcuate

Fractional mcltin_ of different variants h'ads to enzption faults similar to the ones that presently 1)ound the eentral
of alkali lava.] crater. An older a:zc for South Spot is also indicated b:

"" the lack of definition of tht' e,'ntral crater in the no.rth-

Tin cx)nclusion that plat,., movement does not occur on west. Of tht. three Tharsis shit*lds. Sm,th Sl_t also
Mars and that Nix" Olxmpica was stationary over its appears to be in the most advanccd state of destruction
ma_:'_a sourc,' has important i,nplieations for the origin by erosion. The lobate structures at the outer ,nard, in

" of terrestrial shiehl vokanoes. Some hypotheses of origin are very coarse, enabayment by the plains is extensive.
invoke localized comcction in the manth' to create the and the emhaymt'nts to the northeast an(! southwest art'

"_ melting zont, over which the volcano develops. In these the most well dcvelopcd. All of these factors, whih, not
bypotlwses, plate motion is incidental and not necessary proof, are suggestivc of an inaetivt' structure, ccrtainly

"_ for the volcano to originate. In other theories, melting is older than Nix Olympica. and l_robably older than North

_ caused by interaction between the moving lithospherie and .Middle Spots.
.s. plate ,tnd the mantle beneath, tit, re plate motion is a

r prerequisite. Shield volcanoes appear to ha,'e developtxl The large circular structure in Areadia (Fig. IV-11)
on Mars without the help of plate tectonics, which lends may represent a yet more advanced state of collapse of

.. credence to the hypothesis in which phtte motion is not a shield volcano. Tbe structure consists of a fracture
""_. requir,:d, ring, 600 km in diameter, in the center of which art' the

renmants of some ealdera-like pits. Outside the fracture

The ht'ight of Nix Olyntpiea has implications regarding ring, the terrain has a radial texture very similar to the

the depth of origin of the magma. Eaton and *lurata Tharsis shields. It is suggested that this is a very old
(Ref. !V-27)suggested that differences in density bt.tween extinct shield, the center of which has collapsed along
the lava :'nits condt:it and the surrotmding rocks creates arcuate fractures. An alternative interpretation of the
a hydrostatic head. They caJculatcd that, for delivery' of feature is that it is analogous to terrestrial confocal vol-
magma to the summit of Mauna Lo_, a depth of origin cano-teetonic ring complexes (Ref. IV-6).
of 57 km is required, which is consistent with the Earth-

•, quake data. A sintilar calculation cannot be made for The oldest central volcanic features occur within the
Mars because the densities are so uncertain. If the eratered province. The features are too small to have a
densitT differences were, however, the same as for sufBcient number of erate,'s for satisfactory statistics;

Mauna Loa, then a l_0-km depth of origin would be nevertheless, the _uperimposed craters do provide somerequired. Whatever the actual value, a rigid crust sub- measure of relative age. For the shield volcano to the

stantially thicker than that of Earth is indicated. This northeast of Hellas, the number of superimposed craters
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up to -I0 k,,., di.tmrtcr is indi._tin_uishabh" from tilt' etary impac.t._brtween Earth and .MIrs as compared with
l,..t .I H,' d, ,_rh _r.drrcd proxmcc. At-t0 k,.. the curvr astrroidal impacts. 'O,'hatevrr the actual a,_e. thr point7

h,i thr dr._,-Ix ,.r,dcr_ d terrain c'rossrs the S-billion- t(, I.. empha_izrd is that some of the vole.talc pl,dns _,.1)-
; x, ..- i.,. h,-,., ,,*,. I{,'! IV-9..d.,:) _._' S, .:.i_n VIII ,,[ this prar to br old and may wrll Iw in the range of 1 to 4

i{ct),)rt.--in(hc,itin_ .t xr_x old .t_,. for the feature. A billion .vc::rs. su_r_tin_ ,m rarlv be_innin_ to Marti.tn
,i_,il., _lfi,,ld at 9:'4. 1S5 W. has a :ratrr drnsitx inter- volcanism. This is consistent with the lon,_ accumulation

,. di.,t,. I,.tur,., th, Tha,',i_ ,hirlds and the Hellas a,_c su_,._esh.d for Nix Olympiea and the apparently okl
,Lh.hl age of the volcanic feature at the t'tl_e of Hellas.

,¢

" 4. Volcanic Plains _0_[ i" ,> i

I.Xl,_t of thr l)]ain_ h.lvr I)('cll dividrd irdo thrrr broad \\
,,it, ,,, El,. l)asis of tl," number of superimposed craters: '\
a fourd, plains mill which occurs only in tl,e high north- " i

• rrn latitudrs, aplw,_r_ to Ix. mantled by youn_er material \ "" I

\." ' Rrf. IV--t: also ,,re Sr,'tion II of this RcportL The crater t00 , -i
frrqurncir_ on thr thrrr non-manth'd units are shown in , i
Fi_. IV-I 1. Me,mindful _ount., arc not possil)le for the _ \ , 1

ma,_t!,-I units because of the ovcrlyin_ materials. The z
most hraxih cratt'red plains unit has a crater densi_' "

that approaches that of the densely cratered province. _ EXPLANATION
Tl,c cratrr distribution su_rsts an a_e of l to :2billion _'_ 10 SPARSELYCRATERED
years if thE. a,_e estimates of Hartmann (Ref. Iv-g: see _ PLAINS

"" St'ction VIII of this Report) art. correct. The k'ss deoselv _ -- -- MGOEP_TELYCRAtERED
• -- FLAtNS \cratcred /,nits indicate a_(_ of several hundred ndllion _ .... HEAVILYCRATEREC \

v('ars. _ PLAINS
_c

_ DENSELY CFATERED PROVINCE

(IDEALIZED)

• ('aution should l)e exercised i,_ interpretin_ these ages.
ttartmamCs isochrons are ealculated on the assumption
that most of the impacting lmdies art' asteroidal. He '-
determi,es the flux history of Earth and the Moon, then
makes estimates of the cratering history of Mars by tak-
ing into ac_'ount the distribution of asteroids between

' Earth and Mars and the different eratering effects on
Ea:'th, .Moon. _nd .Mars. lie rstimat(_, his error as a factor -_ ' _ ' '1 10 I00

of :L I)t,t the error cot, ld be much larger than this if the CRATERDIAMETER,km
large impact erate_, on Earth and the Moon are pri-

' marilv cometary;n origin and not asteroidal. A high Fig.IV-14. Cratercountsondifferentplainsunitsare compared• • withthe craterfrequenciesfor the denselycrateredprovince.
(_metary eomponent woukl resuh in older ages for Mars Isochronashowingpossibleages are from Hartmann (Ref.
because of the smaller difference in the number of com- IV-9;alsoseeSectionVIII of this Report).

!
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V.Mars:TroughedTerrain1
Robert P. Sharp

Divisionef GeologicalandPlanetarySciences
CaliforniaIn._tduteof Technology,Pasadena,California91109

One of the spectacular re: elations of the Mariner 9 pie- A, Salient Facts Concerning Troughed
tures was the asscmb],_geof huge troughs in the Tithonius Terrain

• Lacus-Coprates ie_ion o_ equatorial Mars. These fea-
tures reprcs_'ikt a significant phase in the planet's evolu- 1. Geographic Location

._ tion, lind their interpretation although necessarily highly Troughed terrain occupies an equntorial belt extending
speculative is justified by the potential for indicating from about 0 ° to 16°S latitude betaveen longitudes 45 °

, something of the nature of surficial and internal con- to 90°. This is !argely within the classical Marlian dark
_. ditions and processes of Mars.

, . _; areas of Tithonius Lacus, Coprates, and the westernmost
part of Aurorae Sinus. It is now clear that individual

; Although the terms "canyons" (Ref. V-l)and "canyon- dark markings on Mars earlier recognized by Earth-
lands" haw' been widely used for these features and this based telescopic observations, es for example Coprates
terrain, presumably because of a similarity to the deeply and Agathodaemon, lie within this belt of troughs. Some

, ; dissected high plateaus of westeru United States, these expression of these features has thus been seen from
• dcsignations do not appear particularly appropriate. Earth, but too dimly to perceive their true nature.

Some of the "canyons" are actuall/ closed depressions
(Fig. V-la), and others, although ioined together, do not
compose a normally integrated trunk and tributary sys- 2. Dimensions
tern, and their floors are not smoothly graded. The term
"canyon" also implies a genesis by running water (Ref. Individual troughs range up to 200 km wide and
V-2). For these reasons, the individual features are herein several hundred kilometers long. Cumulatively, the
termed "troughs," and the area they inhabit is called troughs compose a belt with a maximum width of 500
"troughed terrain," terms designed to be purely descrip- km and a length of 2700 km. Simple calculations, as-
tire without genetic implications. This is a brief and suming conservative average wall slopes of 10% indicate

• maximum depths of at least 3 km; photogrammetrieal
preliminary report on these features, which will un-
doubtedly be a subject of more detailed future treatment, data yield a similar value (Ref. V_; _.lso see Section

XXXXII of this Report); Earth-based radar measurements

_Contribution2265, Divisionof Geologicaland PlanetaryScience.s, suggest 4.5 km (Ref. V-4); and ultraviolet spectrometer
CaliforniaInstituteof Technology,Pasadena. data have been interpreted as indicating 6 km. -
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W .j.4 Planhnetric Geometry /Figs. V-21). V-2c. and ,'-6hL Tilt, upper parts of many

: Th¢, trend of most troughs, as well ,., the beh they walls are sc.arrcd by U-shaped chutes that descend fully• ,-)

' c,,.,p¢_,', ,, p,ualh.1 ,,,l a bcarin_ E15°S. In detail, developed from the brink (Fit,s. \'.011. X-ze. and V-4h_
trough wails ,ue hi_hh irrvffular with projet'tin_ points, These chutes give way below either to smooth slopes or

• to an anasto,nosin_ eomph'x of sharp ridg,'s separatt.A.

_harp indentations, arcu,tte scallops, and large open l>v broad open swah's or _ullies, ._qn_t..W}latr,,se_qblhlt;vml)axments. Some trou,zh vn(]s are acute, but most are
but not wholly con,parable in detail to badland topog-

blunt, and a few are almost rectangular (Fig. V-lb). raphy (Fi_. V-6b). The flanks of intra-troagh rid Ces art'
/ Some trou,,,1,s are _holh' dosed depressions (Fig. V-la). smfilarlv seul1_tured (Fi_. V-4b). Some lon_ slopes dis-_ith a _<']tical closure estimated in excess of f3 kill, " "

- a_sumin_ a conservative v, .,I slope of l0 °. Tile floors ot play all three characteristics: U-shape chutes, smooth-hess, and anastomosio_; rid,ws.
,tdjoinin_ trotl_h.s do not aplwar to II(' _laded along a ' "
colltintlOUSprofile.

Aside from a ,_reater coherence possibly .'uggested by
4. Trough Floors the steepness below tl:e rim, layering is not generally

LartW parts of trough floors look topographicalh" seen in ntaterials ctzmposing most trough walls. This may
• _ " I)e partly a matter of resolution, as faint sugg,,stions of

featureless at a res,,lution of 1 to 2 kin. Howev,,r, narrow- near-horizontal layeriug are seen in OlW specially treated
,m_h. t)i_ttJrt.,s x_flh much greater resohation show qmt picture of an intra-trough ridge (Fig. V-4b) Knobs, spurs,
the; are mostly a ehaot,, jumble of angular forms (Figs.
\'-21> and V-2c), irregularly knobl)y, or marked by and other irregularities on the walls suggest that other

types of inFqmogeneity exist within the wall materials.
rounded rolls and hummocks (Fi_. V-:3b). Albedo mark- One prominent spur. projecting 75 km outward from the
ings on trough fl,'ors are stro,l_er, moze numerous, and wall, ntav mark the location of a dike (Fig. V-3a), and the
,,,eometrlcallv' more complex than on tilt' adjoip,ing up- shape and arrangement of some narrow spurs and ad-

land. Complex swirl patterns arc ]oeaqy visible (Fig. jacent re-entrants suggest local structural control, prob-
\'-Ill). Onl_ a small number of bowl-shaped craters (0.5 ably fractures.

-' to 1 kin) are seen on trough floors in addition to a few

larger (to :30 kin), indistinct circular fc, ms. T;.e possi-
bilit.v that the troughs may bt. fossil ft.atures, albeit Impressive among wall features are the numerous large,
young fossils, with respect to the current Martian arc-shaped re-entrants cutting back into the upland with
mwironment ,weds to be kept ;n mind. If this were so, a minimum headwall height of 1.5 to o km (Figs. V-2b
the present irregular topograp_: ...... ". ',h floors may and V-2c). At their feet are accumulations of jumbled
not represe:lt tlw conditions a_ ',: 5e troughs blocky dehris. Arc-shaped rotated block., art' also seen

:. were formed on the face of some trough walls.
i

" Rising as much as 3 km (Ref. V-8) above the floors of
6. Extra-Marginal Features and Relalionships

several troughs are narrow, spinelike, intra-trough ridges,
with widths up to 20 km and lengths to 300 km (Figs. Although not one of the must heavily cratered parts

' _ V-,3b and V-4b). In one place, a fiat-top tableland, 90 km of .Mars, the upland surrounding the troughs has a _:,od-
long and 85 km wide, rises mo:e than 2 km above a crate densit,' of craters up to 50 km in '" ;meter. Some
trough flour (Fiu. V-Sa). The topography and ma. kings larger craters appear to have served as .' site for ini-

"i o,a its flanks, revealed by narrow-angle pictures, %_ggest tiation of some small troughs which are generally geo-near-honzohtal layered materials (Fig. V.5b). Ti_e lower metrically discordant with the prevailing trend. Other
slopes, starting, C. a uniform level, art. intimately tilled discordant troughs, up to 100 km long and an estimated

f and slide scarred. Irregular, but conformable, albedo 0.5 to 1 km deep, have also formed within the upland
"_ patterns elsewhere on trough floors (Fig. V-lb) may indi- seemingly without crater association. ,,
t cate similar deposits. Such deposits and their dissected
,_ condition indicate a complex history of trough-goor

-. _ Aside from two cones, with central craters, adjacent to,, evolution.
a trough near 10°S latitude and 55 ° longitude, lea.

" tures obviot._ly of volcanic origin are not scattered
i 5. Trough W_lls through tl,e belt of troughs. However, the eastern edge

A sharp brink separates trough walls from the uplund 06 the largest volcanic field on Mars lies but a short
' surface, and below this rim the walls are usually steepest distance northwest of the tro,ghed terrain.
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Fi V-5. (a} T_h with swid pattern on _, _i &2"S i_, 49.5" _.
(MTYS 4199-45, DAS 016144H) (b) Cios_ up mew showinl that swig pattern is • dis-
sected tableMnd of Lmyen_ldeposits+Rill-like d_m_ctio, of klwer slopes starts at II specific
..yet and stm.lly resembles erosion by fluid sNpale. Heilht of tableland may be 2 lun.
(MTVS 4241-59, DA$ 09017619)
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(). d.' tnpl.ln_t i:i th,- _icillit_ _,t thm_h., line;lr cham_ _,.lld I)c .lllticip.llc(I if tin' tr,ul_h'. ]lad h,rlll_'d ,llalx I>_

,,! l.t. I"l_... %-1.1 .,l.l \-f_d p.tr.llh.l t!:c tr,,ll_]l, ,,r ,'\- .l)r,'.ldin_ ulJh*,.,, tl,,ll,,t_)rnl t.lullin_ h.l.. oc_.-urrc, I h)r

h.lld t. x,,Ikt th, .- I,h,,,! ..,:.!, [":'z X !h TI,, l,;I...,. ,,i _hith d,,'r,- l. n. illdependcl,t ,.x idcnc_'..%l)ur,, pr,)icttin_
, irt u],ll :,, hr,-'.z'ul lr ,,uth,.'. _llip.th-_.llh.ll. li.irr,)_- ,!. inut], ,l_ 7.5 kill inx_.tld t-r-hi tl'.u_h walls .llsll indic,lt,-

I.,!t,..,.d. ,t.,1 _,<.,i._]._ ri.:h.., lu_lixidu,tl I)i'_. 1 t,_ ,'\tcll.ix_' x_,lll rec,,s..ion.

1.5 kit, .tt r,J...ir,. , ..h,ll.ih'd t,t I_q"Ul) t,i (I.5 kill .h'_ ['l ;:.lid

tut ch.mls ,_tt.ulJ lcl,'.z'th, lip t,) _.-)t)I-m. _txth,' pils _r.u. The sc.llh)pcd .ind _.zllb,ixcd ('Oilii_ur,tti_.l _lt tilt, tl.u_h
"; th, x d,.x _.l,lp ,'h,il_,lt!,)li ,lild i_tl lull,* hli,,_r,lh'd ,t1(.;1_ th,'

lh,.hi. _'_tiitli,lih pr, ldilt.ili_ ,1 ,ill,ill lrllli_h _lilli _r(;ii_]l ril,I, it_ _harl)lil'ss. t'-sli,i,ll'd t'|ilih'_. ,irl.-sii,ipcd ll],l_.-/_
• (Ill trllll_h u,lll.s, and ]oc,i] pih's ,l[ Uliilll,.tl dcl)lis Sill

_ ,c,tlhlpcd x_,ills !"i,_'. V-fia. i'i, (ll,llll,_ ,lit li,ltl Illlilllll' t,i
lrOllTh thll;rs I)l'lllw ch'cp xx,ill Clill)ax iill'lil_ ilitlit ,ih" lhal

th, tr(lii_h_,d ,ir_',i. cxcclit'nl ct,iiiil)l,'_ ,'.re .ilnnid,inllv
ili,lS_, IiiO%t'llll'ills ill thl. |liriil 41#"sli¢i,'s,shlliips. ,Slid pr()ll-

_t-i li i,i the _.(llc.,ll,it. ,iil.,i I,) lilt. liiirlh/tl.st.
.il)]l th.llri_ a_,ii,iiiclics ]i,ivl, i)(,i,li ,i ill,iior lilt'lit ole wall

s(_'uiphiriii_ ,llld i)rt'silill;ii)lx" ot wall rl.cl.ssioli. ,'is(, dt,n-

A c, llilplcx _;t sli,lllo_ _r,il)l'n 1 tit ._ kill _ilh. ,l:ld up dritic tributarh'_ i,\teilclin_ np to l_l I,lll into tht' ul)l,ilid
Ill ]lilt kill IOli_. l_>l,iilx ,i(.'(_llllp;illil'(I ll% Iox" liorsts O[

inipl) t|k" action ill ,l sapping prot.c_s workin_ hi.adwarl]
siniil,ir diliil.ll._ioli, tr,i_l.r.si, lilt, ilpl,ili,.l alliat,-i,t hi Slllill'

.l]Oii7 dit[l'rl'nt sl'l_; i)[ I:r_l¢'tiirl's. This sa,n_, s;lppin 7 pro('l'_
Irou_!l,. 1;i pl,i<t,, lhl._c fi',ihlrc_ p,ii-,ilil,I the ll'otl_h.,;.

nl,i.v Ill' ;I prhieilial (';illSl' ill e In;Ist lnol'elil(,lliS Oil tl'otl_li
licit i.]st.wht-rl, thcx ;irl, (ti_l.orll,illtl) trUllt.,iti-d lit trough w,llls ;tlld. thl.ri.for(', o[ _,ili ri'i.l'ssilln.
walls. At h.a_t sOilil, (lie the ,_' _bl.l! ;ire old i'noli_h Ill 1)c

,.'11It)v t-r,itci_ up h) ;.0 kiii in di.iiiil'll'r. ('iirioilSlV. within
lhl. trl)ti,_,lll.l| .tl-t.<i. fritt'tllr(,s hilllildili7 _ralll,Ii ,intl lllirsts _-'}hlill < Illr Ilnri,llllll-d lilts ;ll)|)l':ir to devl'hlp liy eolhlp.,e

,,it_ ill)l dcvchlpcd pits. :Slid this is lrlll" i'lscwhl're (in lilllll_ fr;it-lllr('s _._will_ l(I rl'lnovlil of ulidi'rl.vin_ ';ili)plil't.
\l,irs ,ix ,it :=_5._. lllo ll. (:iinlillllili_ l_)]l;tl)_l" (.';lllS(_ _rowtll. ;slid O,,ll(.i, till' pits

aitaiii a ini)i|l'rate ._,izl"and dt-lith thi' ._al)l)iii_ proci'ss ina)"

: ill the. sector I)t.kvt,l,ii _'7 iilld b_':%l', print.Spa!l) hut I)l,('l)llle _'|lrix'lix'e. (.'alisin 7 thenl to illlarf_l, nllirl' irrc_u-
not c\chlsivl,i.v lilt lilt,, south sith. of a lroll_h. ;i!(" ,i nlilil- hlrly ,ind to nll.,rl_l, hnlgitudhlall)" to t'relitl" ;i small trouTh

llcr of ._h'l,p-_ alh'd. ,iilTiliar. dendritic tributaries i.xtend- with slrllli_l)" scalloped walls.

• ill 7 lip It) 1.5(I kill back leriilll lli_' rim (I2il_. _i'411). Tlli_se

iril)ulaHl,._ dc(-rl';ise in sizl" li_,adwiir(t leroin a nill'¢inluln The (i(-t..iirrl.nt.i, of :_,-kin thick at(.UlqUl;.ilion olelayered

wi_]th of 10 kill and ;i (h'lilh (if pi,rhaps 1 kin :.it the trough uulterials on :,1trough floor I1/;i_. II'-51)) sii_,_,_'sls that other

t.dg<,. Tilt, trunk lriinitarh._ ,111(1theil si'@Olldal_" ;uld lrllul_hs ilia% toe partly filled with similar nlateriai. The

tcrtiar_ llr,llichl,s display ,i _strol:g ;insular pattern, prt,- la)'er;n,( is lnul'h too strong for tills to lit. silnpl)" a

Slllllii|)])" r_,th'cti,l_ (.'ontrol 1,)" fraeturi's, t_ssentially llOIi(" SJllill|_,d wall hh_'k. Tilt' a_t'llt of dissection of the (h,.
of which is p,iraih'l to the hcnd ole tilt, troughs. Small-

posits is iiot known, but the l_tl, ntla| leor dissc(;,tion could
scah, pittin,_ is s(,i,ii at lhe hi.ads oit sonie tribilli;,'ies, bt" created by sul,sidenee of a neath)" floor sel_nlent or

the integration oi two trouTh floors l)'ing at different
Thl, troli_hl't| ll'rrain p;ilSl's "westward direetk" lilt,) a levels.

t'(._tixin-iikl, ('oniph'x of iil:l,ar, I_;-shaptxl hollowsand,l)y
tr,insition, eastward into tilt, principal area ol chaotic
ie'l'aiit and inlo large areas cl[ $iuoolh lowlands b(:lundi'd The snlail nuniber o[ i_,laters on trough Root's iinpli._.

by al,rupt cliffs, known as leretied it, train ftlel. V-5; also either a youtlfful lilt or all activity that destroys craters.

st _' Section V! ole this Report). The troughs cannot l)t, very old or they would show
greater signs of modification. They appear to be among

B. Inferences the youniger features of the Martian surface, even thougt,
they may Ix, fmsil or r¢!let with r, spect to the present

, The parallelisln iff individual tronghs and their walls, surface euvironment.
of ._ssociatlxt pit chains, anti of hoists and graben, all

: Is,aring about E15"S, inipiies strong eontr(,| by strut-

lures in the .%l;i,','iaii crust, prestnnably fractures. C. C_nesis of Troughs

Widening and extension of troughs by SO,he mecha- The foilowii,g is a speculative s,:enario as to how the

nism of wa!! recession, rather than solely by pulling apart, troughs may have beel_ initiated and how they subse-

is strongly sug_Zested oy bhint trough ends. Acute ends quenlly grew to their present form and size.
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11 _-IIJltz.t] _'x_'l,t.q_pq.t"'. t,, },.tx_'IH'cn t],_' h.mati,., "lrou_h t'nl.tr_'m('nt l)x xxa]] r_'ce',sionha., con.,um('d
,d p.tr,tJJ_] tr.tttul, • tlcl.]tr,c .tl,,_ut El5 "_ "l'xx. t'.pc_ ol ]ar_q".,rt,.ts of t',,(,old t rat('red upland and may have con-
tr.. fur,. ,)r tx_.._ t. -t diih.rcnt ._ _'_'w:,to ],.txv h.mcd ti,,ucd I.r tc:l_ of nil]lion., to hundred,. ,ff millhm,. ,ff

(),, _, t. ,,.c,,,_l.x _'hh'r ,:t,d p,,,,il,lx sl,.,lh,u. CXl-_.l,- _cars. ,i, tre_h,,,.,,,, of some of d,e large slid'." scar.,, on
, i, _d _,_,__-,, I,t,, r,.atm_ ,h.dh,x_ _r.,I),.n and h,w h-r,ts, tr_m_h x_,llls and of th,' piles ,1t ju,nlJh.d debris at thezr

"lh, .., t(_tl ._ t. p(_,,il_l.x .t _,'.d, r dt'pth. _'\pt'r_t nc_'d h't.t t Fi,_. \'-2( _ ,u_c_t_ an actixity c_mtintlin,¢ e_.sen-
_, ,,,,x._i .! .w!, _lxiw.z',,pp-rt x_hith _r_'.dcd cham_ o[ ti,dlx to the present.

%

p:t, I_x t,_ll.,p,c. I)_,x_x_.ml ..)xcmc_t .f dcl)rix could
:' ],,tx_. I, ,.1, fat d_t,d_tl bx .t I,_u!dx fra:z.,_'ntcd condition Wall rt.e_,ssion must h,_.x'cdumped hu:'.e quantities of

, ro'.'k d_.l)ris on the trou-h floors. What has been the dis-- _,',u.t_._ tr.., ,,,t_.t, d, nt i,q_., ti:_,_,."l'ht. pit,. _:-_.xx]ar_'r.

partly I_ turd,, r _,,I;aF.,'. p,,,-ibly a_d_,d bx wall reck.s- position o, this material" The answer is constrained by
.,,,. thr,,u'_h ,.q+pm_. m,til tl, x _,,_r_,.(I l.n,¢it,dinally tl,' I,u_c x(llume inx_)lved and I)v a vertical closure ex-
.d-w.: tl,. h+., tur, t- crcat; .. ,mall +r_m,.z'hx+ith hi,.zhl.x cccdin,_ 3 km in at least one trou,¢h. Mr.,hods of mox'in,¢

,t.dl.p,d _.dt, I-,,:,. V-Ib .o,d V-('/a . Conti,m_,d sub- the" missin_ material up. down. or l,lteralh" need to !wconsidt,r,'d.
•,it{c_lct. ,apl_i,v.z,..,,d u .dl r,-t','s,,i,n Iw mas, move'merit.,,
xxith.m.d thc,c trou_h_ ,mtil tl,'v m_'r_cd lat,'rallv cre-
._ti_,_ ,tdl i.,r,_.r tr,,u_l,,. T],c t.xitl;.:_'t"t,for such lat_ ral The :z<'oo,.trical confi_mh._tion of trough_ and the lack

mcr_'.c-s ]s proxidcd by s_;inclik_. -tra-trou_h rid,.£-s of vi,,il)h" ejecta around then margins speak str,'mgly
a_a:.nst explo,,iou as the disposal 't_"nt. Eolian d,.flation.

xxhith r_.l)rt.,_._t rc_pn,: t.. of tht. s('pta ori,.zin;,ll.x sepa- the other ol)vio-_,; mea,as of n:ovino_mm..rial up and out,
r.,ti:_,., .,ljaccnt trou_h.s. The troughs also er_,_ l(mgitudi- is so constrained by the hu,-e size and geo,:wtry of the
n.diy bx x_all n.cc.,,,io_,, and bh,nt trough ends wer(. troughs and by the need to reduce all materials c'_ a tine
tl,.r,'lw cr¢'at_'d. ,.z,rain size. incb,din_ lag concentrates armorin_ the cur-

face. that deflation has prolmblv played but a minor role
"l'h_._al_pi_l_ pr, wcss postul;ded to cause wall rece._sion at best. Furthermore. products of eolian activity such a.,:

and to err'ate tht. dcndritic tr;Imtarics may have oceurred dum's or charatteristic x_ind-scoured forms are not seen

through the deh'rit_ration of exposed _rom_d ice either on trough floors.
s Iw cxalmrati, ul or mcltin_. Evaporation is more likely.

m,h,r present environ,n_,ntal conditions, but meltin_ Surface transport by some flowing medium, for ex-
could hav_. taken pL:ce poder radically different eondi- ample water, catmot create closed troughs of the type
tio-s, if .,,t,ch existed, sometime in the past. Thus. the shown in Fig. V-la and could have occurred only east-
process if current is I)_st descril,ed as _round-ice sapping, ward from the belt of int('g, ated troughs into an area _f

_' but if older it may have involved ground-water sappi,g chaotic and fretted terrain. Burial of chaotic terrain by
t ih"f. v-6: also see Section !il of ,his i'_eport), debris from the troughs would then be expected, unh'ss

the c.haotic terrain is younger. In that ease, water prob-
: al)ly would not have been able to flow eastward beeause

L'-shalwcl chutes high on trough wall'; look like fea- that area, not having yet collapsed to form chaotic ter-
tur"s creaWd on steep terrestrial slopes by dry debris rain. wookl be higher than r.he trough floors. Some other
avala,_ches. The fact that th,., chutes start full), developed route, which is not apparent, would thus have to be
at trough rims Suplmrts an ori_zia through some mass- found. For these reasons, it seems unlikely that water has
movement proct.'ss rather tha, fluvial erosion. The anas- had a major hand in carrying an.,,,significant amount of

• tomusing patten_ of ridg(_ on wall slopes and on the del)ris away from the .a of troughed terrain. Howeve

flanks of intra-troutr,h rid_(..s might also be the product of running water d(,rivtxl from melting ground ice, under
_-_" -_ dry. mass movements I),_.aus(, similar patte:'ns, of much climatic conditioas vastly different from those now pre-

smalh'r scah. to I)_,sure, art, created on steep s"31"a.,son vailing, might have played a role in removing material
Eartb underlain by fiue-¢raimxt u,_consolidated materials, from the dendritic tributaries (Fig. V.4a), ean,ing the
such its dune sand or loosc _)ii, lly removal of material badland topography of bounding slopes (Figs. V-4a and
through dm."tlowagc, tlo_vts'er, the resemblance of these V-6b), and redistributing materials on the trough floors.
anastomosing ridgt-s ,. Iluvially dissectt_! terrestrial bad-

land features suggests that nmning water also merits _n- The most satisfactory disposition of the material mis-
:, sideration as a Imssibh . gem'tic agent. If that is their sing from the troughs appears to be downward, bv

.{ origin, then they art" fossil forms, subsidence caused through removal of underlying sup-
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p_,t "lhv (h_o]ut,,)cff r,u k ,,at_ zna], _, ,ot .m .lttra,:tixe if it i, 2._ km hi_.:], ;l_ now thoucht, rcpr('_vnt,; a crvat('r

p,,._dfilit; I,,c..,_,. ,)t tl.' prol,.ddc ].. k of ,'a_ih _oiuble _ohmic ot .)at,'rial than i'_ ,zii'...,zn_trom the troughs. _%'1i_,
_ub_t,l:,,'_ ,t,d th,' ,vvd tor .i _oh,.ut Th,, ..... lti!t_ o! )l!z, :::,:_::_.__1 ...I,! _h_'_ },|i],,]i,_]_ Id j_l]oHit't.t'F._],lt('r,llj _,

_t _zc_.flvd _r(.,.d :t,' i_ .,,)rv .tttr.wtixe. but ._u|lvrs b,'for(' bcin_ vxtrud('d is a more troublin,z question.

from) ,lu,,.tit.ttix(. (i..diJk.flion_ Thv pl.ufim('tric,d]y
..'.i_.r,'d ,.,'a (,I tr.u,_'h('d t,'rra:'J i_ (_ " ]0 kin:. ]J .t

.. an trough depth of :; km i_ a_umed, th. trouEh., \)_ot}_(,r quaW.it,itixelx adcquah' mvchani,,., for cre-
.tiu_ tl.' trou_h_ x_ould bc lateral sp-eadin_ of crustal

_, pr,'.c.t ,_ x()lu..' ot !._, - lO k._ . If tl.' troughs x',,,r(, pJ,ih's. I'hv character and confi,:uration of the trou_h_

ca,mot be Cl)]aim.d satisfa(.tori])- by spreadin_ ahm_,.
_,dc(l _j(uu,l k,. _(,I.' It; • l() km oi xxater would

l,.t in (-o_zzl)in,ttion with x_;tl_ recession throu(_lz _omt.
bay,' n'_ult(,d It all (,t \1,,, h._d _ _ul)_urf.t('e ic(' ],w('r

sapl)in_ process, a, aceeptal)le pietur(" em('r_('s. The

()! .z _Id:-knz..,s , ,lU,t] to that rcq)zirvd t() form th(' troughs. H,rva(lin_ mcch.mi_,n would provid(, an ever de('p('nin!z

it _A(li'J(] l','i)l't",( If| _.{1 . lO k,) ()f 'vat('r lqul)t'v (Rt'f. ,t.)d x_it](.)6))_ sump into which matt.rials from t}i¢ r('c(,(l-
%-7) (.,fi,)at_, that th.. total _upp].x ol water on Earth.

i,_ x_allx could l)t' dumpt'd l)v mass-n_ovt'm('nt processt's.
i, all f,)rm_, i_ ] t37 • l() km. w] i_ r()u_hly 3.S tim('_

Unlvss s.d)duction z()),t's exist on _Mars. and signs of tI -,m
that c,tl_ ul,tl('d ,d)m(, for \lartidn ,.t'roun(). ice .don('..-ks

hax,, not .x_.'t I)(.('n recognized, the lateral spreadi_ L,-

Ea)th i, v()hmwtrw,dh T t)m('s la),ze_ than Mars. th(" l)c)ti)csis carries an mtt,r, stmg implication of planetary

,,I)()vc fi_urv would r(.(luirc that \l.trs has/'xp('ri('nced ;t (.xpan,;ion
•.('_ ('ral tim(., ,.zn(.,_tcr pr,)portionat(' ,h',.t,a_iu_ than Earth.

x_hich i_ (lifficult t()l)(.li(.xc. AI)))ormal dt.v('lopments of
_ro, m(1 i(',' p('ril)l_cral t,) th(' Nix (/lympica xolc_;nic fit,ld. Spreadipg is an excitin_ hYlmth('sis and has major i)n-
a _rt'.tt('r volatih' content in Martian than in h.rr('strial plications con('t'rnin_ tht" internal eonstitution and be-

mat(.rials ( R('f. x,'._,_,or th(' pos_ib,litv that th(" Martian it'(" havior of .Xiars. However. Cart (Ref. V-9; also set" S('ction

i_ ,()t water sul)st inee )night atford ways of ,.t,_'ttin_ around IV of this Beport) argues against plate t('etonies, _ .Mars
this ar,.z,_,._(.nt. ()thor ar_um,'ut_ a,_'ainst _rou,,d-ic(' d('- from volcanic relationships, a,_] .,preading i_ not a par-

t('rio) ,tti,)n ,l_ tht' prim.ipal ))_cclmlfiSm of tro:_h d(,v(,hq)- tic.,larly satisfyin_ (.xl)lanation for the festoons of hollows
),(',t are I)a_(.d o:) th(. ,ce'l t,) (h.- elop ._e_Zr(._ah'd I)odi('s w(.st of the trou_,J_t,d terrain or of the chaotic and fretted

()tic(' and th(' ,,,rt'at (h.F.th ()f frv(._,in,_ re(iuir(,d. ;is sum- t('rrains to th( fast and north. Nom,thelcss. in our present
marizc, l varli('r t ll(,f V-5_ state of i_norance concerning Mars. it is wise to keep all

reasonal)le options opt n. and _round-iee deterioration I,y

Pr()ximit_ ,)f trou_h('d t(,rrain t,) the lar_('st vokan;c evaporatio)_ or melting, ma_ma withdrawal, and lateral

field ,m \lar_ su_z,'sts the Imssil)ility ,)f mamna with- sprt,adin_ all apl)car capable of having played some roh"

draw,,I a._ a cause of sul)sid(,m.-. Volumetric relationships in creating the troughed terrain and its accompanying

arc f:-voral)h., for ,t sin_h' volcano such as Nix Olymp_ca, feahnres.

, ¢
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Vl. Mars:Fretted andChaoticTerrains1
Robert P. Sharp

Div=sionof CP,_=ogicalandPlaqetzrySoences
CahformaInstituteof Technology,Pasadena,Cahforn;_0110g

Fretted tc_rain is but one of a carietv of lowland ter- top,')_raphyfeaturin_ a haphazard jumbh' of large ;,n_ular
rains ,m tlw Martian surface which, like members of an blocks, and Iw arc-shaped shmq) blocks on its boundin_

, isomorphous scrics, have so,m, characteristics in common escarpmcnts, often with arc-shaped fractures exteudinK
and are shaped by some of the same genetic pro(esses, into the acljoininK upland (Fi_. VI-2). Chaotic terrain was
They are artificially separ:ttt,d to facilitate handling initially recognized and described from feahm's incom-
_T,tl)h, VI-I_. At one extrem.;ty arc the south polar pits ph'tely shown on Mariner 6 frames (Ref. VI-3). Its ex-
describcd clscwhere (Ref. VI-I; also see Section XVI of istence has now been confirmed by Mariner 9 pictures,
this lwport): at the other are the huge equatorial troughs, and the characteristics, location, anti areal extent of

, ._ chaotic terrain have been more accurately and completclv
Fretted terrain is characterized by smooth, fiat, low- defined.

land areas separated from a cratered upland by al,rupt
escarpment, of comph'x planimetric configuration and a Like fretted terrain, chaotic terrain occupies lowland

, " maximum estimated height approaching 1 to 2 km (Fig. settings within an older, cratered upland surface. It has
: VI-1). It is the product of some unusual erosive or ab- clearly developtd at the expense of t_-,iscraterca upland,

stractive prca.'ess that has created steep escarpments and and its relatively youthful age is further demonstrated

i. caused them to recede into a complex ph, ni,netric con- by a paucity of recognizable craters.figuration leaving behiud a smooth, fiat lov,land surface.

Although a relatively late development on the Martian This is a prpliminary report on the nature and possible
surface, fretted terrain has formed over a significant st,an genesis of these two terrain types. More will undoubtedly

i of time, and in plact_ it may be older than so:ne phases be written aboat them as the Mariner g pictures and data "

of the extensive nortlwrn hemisphere volcanism (Bef. are more thoroughly analyzed.
VI-2; also set. Section IV of this Report).

Chaotic terrain differs from fretted terrain, with which _, Geographic:Relationships

it is geographically associated, in having a rough floor Fretted tcrraiu is recognized principally in five separate :

tCoatrlhutton2264, Divisionof Geologicaland PlanetarySeier_es, areas within the northern hemisphere, with only a minor
CaliforniaInst,tuteof Technology, Pasadena. extension south of the equator, fRher areas of fretted
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terrain re,iv exist, but they are obscured or modified l)e- now ch.ar that areas of il_distinctlv recorded troughed and
xond certain reeo-_nition. The l,,r_est area and most typi- tretted terrain_ were in,,.luded iu th,' 1.qflq value Chaotic

c,d development is alon_ and fer 5 -_and 10-" on either side terrain hlakes up onb. ,tbout 0.4% of the total .Martian

of 40 N latitude between longitudes 280 ° and 350:. This surface.
re_ion of fretted terrain debouches northward into an

extensive lowland l_lain which occultation measurements B. Descriptionof Fretted Terrain
., _how to be one of the topographically lowest parts of the 1. PlanimetricCent ,uration

northern hemlspher_ tReE VI-4: also see Section XXXVI

' of this Report_. Th,, fretted terrain so far recognized A striking characteristic of fretted terrain is its ir-

covers a total of al)out 4.75 >c 10" km'-', or 3% of th,, regular planimetric pattern (Figs. VI-1 and VI-4L The
.Martian surface, steep escarpment separating lowlands from uplands _,pi-

callv traces a ragged course with deep embayments, pro-

Chaotic terra,, is geographically associated on the west jeering headlands, and smaller arc-shaped indentations.

with the huge equatorial troughs and on the east and Only wh, re strongly controlled by older structures, such

norqa with fretted t_r"ain. It is, perhaps, genetically .e- as linear fractures or crater scars, are the escarpments
lated to both. but in setting and characteristics it is more broadly linear a,ad curvilinear. Even there, association

closely allied _o fretted terrain into which it grades in with other forms yields a complex pattern.
many places (Fig. VI-3). Chaotic terrain is concentrated

principally into an equatorial region from about 3:N to Especially noteworthy art' the steep-walled, fiat-floored
12'S between longitudes 15 ° and 40 ° where it is the chasms or channels, some linear and some irregularly

dominant feature. Small patches of chaotic terrain are winding (Fie:. VI-1), which deeply penetrate the sur-

more widely scattered, ranging as far west as 75 ° longi- rounding upland and debouch in tributary fashion into
rude and ;Jorth to 15: latitude. Some of these are asso- areas of smooth lowland. The larger and principal chan-
elated with areas of fretted terrain, but others are isolated nels iocrease in width northward, but terminate at the

and look as though they might have developed upon the edge of the fretted terrain region where it borders on the
sites of relatively large craters. The total area of chaotic area of lowland plain to the north. Also characteristic

terrain is about 5.5 × 10" km -_.This is about one-third are numerous island-like outliers, resembling the mesas,

• the area estimated in 1969 from Mariner 6 pictures. It is buttes, and towers of Monument Valley, rising above the

TableVI-1. Some typesof Martian lowlandterrains

Terrain type Description Type area

Pitted terrain Abundant, fiat, smooth-floored, steep-walled pits. tens of kilometers across, South polar
an estimated 100 _.o400 m deep, developed in sediraentary blankets region

Etched terrain Exhumed, rough-floored, lowland areas of highly irregular planimetric South polar
outline produced by integration of pits developed in sediment,-u'y blankets region at

65° to 70°S

Fretted terrain Snlooth-floorc_ lowland bounded by abntpt escai'pments of uniform height 40*N
- _ and highly irregular planimetric configuration, tributary fiat-floored chasms, between 280*

; developed into an old cratered surface I to 2 km higher and 350*

Hollowed terrain A complex of elongate U-shap<d hollows, an estim.'ted 2 to 3 km deep, 5* to I0*SJ

,_ strongly co:,trolled by i,Rersecting sets of linear fractures between
• t 90" and 110"

i Chaotic terrain Jumbled chaos of slump and collapse ' locks in lowland depressions 3* to 12_S
bounded by steep walls with arcuate tractures between

15" to 35"

"I,gughed terrain HLge, steep-walled troughs, up to several hundred kilometers long and 0 ° to 16_:
possibly 5 km deep, integrated into a belt 2700 km long by 500 km wide, between
wall-side slumps, intr ,-trough ridges, orthogona! and dendritic wall scars 45 ° and 90 °
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Fig. Vl-1. Area of fretted terrain contered st 40.1°N latitude, 337.4" IonEitude, display.
in8 typical complex planimetric patterns, smooth floor, abrupt escarpments, separated
outiiers, and sinuous fiat.floored tributsry chasms. (MTVS 4251-47, DAS 09378154; MTVS
4251-55, OA$ 09378294)
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Fig. VI-2. Representativearea of chaotic ter--'n at 6.50S latitude, 26.3° longitude, with crescent-shaped blocksand arcuate
fractures strongly aggestiveof collapse. (f_ _'VS4247-44, r_,_._09232974)

sm:_oth-floored lowland (Fig. VI-5). These outliers be- a common hase level. This holds true cvcn for the lon_

come gererally smaller, more widely ._pacc(t, and le_s peuctratin_ fin_ers of tributary chasms _nd for the flo')rs

numert_us outward from the bcundi,g escarpment, of larg('r craters integrated into the !owland. The uniform

height of long reaches of the bounding escarpment is

2. Floor Characte,istics another manifestation of this relationship.

The lowland floors of fretted terrain appear smooth at
3. Wall Cha-acteris_ics

_ wid(,-an_le resolution of 1 kin. Narrow-angle p;ctures
(Fig. VI-5). with resolutions of 200 to 300 m. confirm this Escarpments enclosin¢ the low,ands usu,dlv break off

general smoothness, although they _how some low un- from thc uplands with a sharp, well defined I)rink.

:lulations and a few local areas of rou_zh topography that Escarpment slopes appear to be mostly straight and

may represent complex structures .,'ithin the Martian smooth without r_arl.ed cone,_,,it.v. O_:hogonal or den-

crust, possibly the rcsidual roots of old, deeply penetrating dr_tic scarring i.; largely absent, and slump blocks so
craters. Most floors display only an occasional small, fresh, characteristic of chaotic terrain, arc lacking. No law ,'in_

howl-rhaped crater, hut a few scattered craters up to or structure is identifiable in the wall materials: they

25 km in diameter are se-n Irregular mottling by albedo appear homogeneous and massive.

markings is somewhat more prominent than on adjacent

htlicis, and some of these markings mimic the configura- Escarp,,ent height is largely a matter of estimation.

tion of a nearby escarpment. If a conservatw_, 10 ° slope is assumed, heights of 0.5 to
1 km are common. S _me escarr, me,ts are lower; few. if

Extensive reaches of the lowlaud floor appear to lie at a,y, a_ :)_,a_" Lo exct :.: 2 k,;, ".,'Itraviolc, t spectrometer

an impressively x,niform altitude, as thougl_ reduced to profiles _ ._firm heights of this general magnit,tde.

78 J_L TECHNICAL REPORT 32.1550, VOL. IV

.......................... _R

1973023947-096



79

JPL TECHHICAL REPORt"3_,'?r_O, VOL. LV

" 1973023947-09"



IL IIIi i I -_



1
_ II II I I in I m , ,, •

4. Uplano Surface ha.. _h'arlx dc',,-IOl_d .it the , Xl_ I,_, .! ill, -hi _rab rc'.l
,:::_..:....... t _.ILr, _l,i,I, _on,tdut.'_ tl,-adla,_nt uplandl'lw upland ,ur|.w,' encl,_in,z .,r:.,_ of trt'tt,.(1 h rr.un

z, mo_tl_ _._cl] tr.dcn-,l, im_ othcrais¢, it I_ rcl.di_c}_ 11:,- _,:,,_th tl,,,r (ff mo, t ana_ ,)t frl.ttcd tcrr.utl I_ ,_nlx
_.akh ,l,d, n-d. prhnaril.x l,x ,,u.dl. tr_-,h, l,)_l-,halwd_m-()th t'i'Lmd crat,.r_ ar,. h_.alh emba.xt'd by ti,c

cscarpnwnts _[ [rcth'd h rrain, and in such instam'cs the c-.d,'rx. Thi, _tt_._l_ r,.i.dixc xouth..dch,,u_h a_',umuh
crale.r floor_ .ir_' iuh'_rah'd into the lowl,md_, tim_ .rod _.ro_iou_m_uch flt_r, max ,d,_cun. ,o_,sct rater,.

makin_ the tlo,_r._h_k )oun_cr than thcx r_'alh arc.

C. Descriptionof ChaoticTerrain _t h,ast ,om_, [r,.th.d h'rr.fin :mn,t has,-., m,)d,_.t .mtiH-
I. Floor C[,aracteristics uitv for it .q)l_-ars to |w partly buri_l .d,_,l_ tl.- western

_'d_" ,)t an _'\tcn_ive vok'anic fi,.kl l.'txxecnlatitudt', 5
The most distinctivv feature of chaotic terrain is its and 15: north ,zt.ar ]on_itu.h. 75 _. The dab" t_fx.lc.mism

rough floor topography, most typically an irn._ular is not ri_orously known, but crah.r fr,.quenci,.s and othcr
iumble _'f an_uiar hlocks of vario_m sizt.'s, many pn.- ton_kh.rati,ns su_t..st an a_t. on the _,:'der _f hundnd_

servin_ renmant_ ,ff the tel diveh smooth upl;,:_d surl'ace _ffmillions of xears _Refs. V! -° and VI-5: als- _ce Sccti,m_
: _Fit:. Vl-6a;. Thc l._r_cst blocks are ,evcral kilo,ncters IV and %'iii of this Report:.
, a:.r<rss and tt'lLs Of kdometers lon_. At some sit_. dw
l an_ular shape and equant d!mensions of blecks max At least o,e area of frethxl Wrrain has sul,dt,xl out-

reflect t_mtrol by two or more sets of linear fractures, lira-; su_t-sti,'e of mant!in,_, by a blanket of .xouno_t,r
Once formed, these blt×.ks stwm to suffer further breaL- material _Fi_. VI-7_. This in:prt_sion of "_r'.'a'_r a_e i-
up a_d rt_luction in size. and the equant blocks ult[- substanti._ted by a much lar_cr-than-normal crater lmpu-
mately lwconw pyramidal. Eventuall.v. they may In, lation. Other area_ of irregular topo_raph.v elsewhere oi_
m_tireh" dt.'stro.ved, k.avin_ a smooth floor like that of Mars hay|- character|stirs suggesting that they may
fretted terrain rel',resent frettt_.l terrain, now so modified as to be vir-

tuall.v unrecognizable. Thus. the fretting process may
2. Bounding Escarpments have embraced a considerabh, span of time. and not all

Some art.as of chaotic terrain invoh'e a transition from of the reco_;nizable areas of fretted terrain have the

,lightly fractured upland through a highly fractured same age.
zone to a jumble ef irregular blocks (Fig. VI-2). Otht.r
areas art" sharply hou_'aded b.v an abrupt escarpment of Chaotic terrain is also judgtxl to be youthful on essen-

irregular plan|metric configuration (Fig. VI-3!. The vet|i- tialh, the same bases. However. the seen,ing paucity , f
" cal relief of this escarpment is a matter of estimation, craters, even of the small bowl-shaped variety, within
• but ,nost escarpments seem to range from something less areas of chaotic terrain may be due in part to the
! dum 1 km to a little more titan 2 kin, witb a maxinmm ditt_culty of recognizing such features within the chaos
I approaching :3 ku_. They are. in places, higher than the of jumbled bloc'ks. Furthermore, craters could be rather

escarpments lmunding most area_ of fretted terrain, quickly obscnred on the steep sides of the blocks. Asso-
Locally, chaotic-terrain ,_.carpm, nt_ d,.'splay a succession ciated areas of fretted and chaotic terrain, of which
of crescent-shaped indentations, and o,_ their faces are there are a number, cannot be too different in a_e, and

crescent-shaped sluntp blocks up to several kilometers the generally sharp outlines of their features strongly
wide anti tens of kilt naeters lon_. _,ome of these blocks suggest relative youth.
bear remnauts of the upland surfa, e. now rotated back-

ward into the escarpment face. Locally, areuate E. Genesis of Fretted and Chaotic Terrains
: markings, presumably fractures, extend back into the

surrounding upland with similar sc,_ie and configuration. The following statements on genesis are necessarily
-- Most escarpments have a sharp, well defined brink, and highly speculative. The development of fretted terrain

a few of the highest display or:hogonal scarring like is thought to be initiated by some structural or topogra-
: that seen on the walls of tht t.urg_-t_'laatorial troughs, phie break in the old cratered Martian surface. The wall

of a large crater, a linear crack, or a winding channel

'? D. Age Relationships may have, in different instances, served as the initiatinglocus.

_,-_ Fretted terrain appears to be amon_ the younger land-
fom_ developments of the Martian surface, but not all Once a steep escarpment is created, in areas favorable

areas of fretted terrain are of a single age. Fretted terrain to the formation of fretted terrain, it recedes by an t82 JPL I'I_HN_L RE,PORT32-1_, VOt. iV
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Fi8, VI-G. A composite of one wide4nale and two narrow-anLla pictures of chaotic terrain.

(a) Details of aniNlar blocks (MTVS 4201.30, OAS 07686213). (b) Small Ilolatad area Of i
ChaOtiC terrain (MTVS 4247-40, DAS 09333g04). (c) Arcuoto fracturing suEi_tivo of
collapse leadlnl to development of chlotlc terrein at 1.9"S latitude, 1KS° Ioniitude. '_

(MTVS 4209-75, DAS 07938353)

#
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Fig. Vl-7. An area of older blanketed and more abundantly cratered fretted terrain at
44"N I__titude, 61.5" longitude. (MTVS 4233.92, DAS 08731|79)

tmd_,rnainiog or sappiug inechallislll, maintaining its southwestern United States, provide near]}"ideal condi-
steepness but dt,velopi,g a compk.x planimetric configu- tions. The undermining on Earth is produced largely by
ration. This is the fretting process. Scarp recession leaves differential weathering and ground-water sapping,
a smooth, flat floor and isolates outlying island-like
buttes, mesas, and towers. The bounding slopt_sof these Layering within the materials of the, upper 1 to :2km
outliers also rt_cedc,reducing them in size and ex'entually of the Martian crust is not out of the question, and it
in number, might involve a volcanic sequence or a thick deposit of

eolian detritus. However, such materials would have to
On Earth, scarp recession occurs most readily where be relatively old, as the surface they underlie is scarred

there is some structural or stratigraphic inhomogeneity bv many large craters, An attractive alternative is the
near the scarp base to facilitate undermining. Horizon- possibility that otherwise relatively homogeneous near-
tai strata with a massive member overlying weak incom- surface Martian material has a sharp, planar, physical
petent layt,rs, as occurs in the plateau region of the discontinuity at a depth of 1 to 2 kin. Such a discontinuity

t
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::::'_!:tb._x,'formedinrvl.di,mtofroze:l_zm,,uddewlopcd ,'.mr,.a_w_ol II(),.'rmmdiv,"d,'ri_,-dfrom m,h.,_rit
"-+ .... ',:% ..L',._'. ..tothatdepth. .,.'*rcc_existu,,d,'t'h, M........."_ th,._m,,_tlw

Io..i].rvflcttin_,nal+r".c.ularor peri,_li_(limatitxaria-

An v_aluation of th,. po_ihiliti,-, of pereuniall.v frozen tions iu tlu' past.
_rouud ,pcrmafr_t_ and ero-nd ice under the surfat-c

o! .Mar_ i, thus iu order, l)ir,'ct ol_erxations of Martiau An intcrcstm,., altcruati_e is that _r,mnd ice ,m Xlar_

_ur(avc tc:nl_'raturcs, lu_th Earth-l_ascd and from space- rvprt-.cuts water std)st,mct, that u,'_crru.u-hcd th," _ur-
traft, indicate that a mtxH tonuulatcd bx Leie:hton aod lacy. |rot wa_ captured 1_ frvczi._ _ithiu thv vrust
\lurrav :lq,.f. VI-6} l_,rmits calculation of seeminRly mvinR to th,. extremely lm_ Wml_'ratur,' c,mditious. This
reason,tide mcau ammal surface teml_'raturt_ ['or various is a speculation _,vorth cnt,.rtainin_z, and it ¢,)'dd help
latitudc,_. From thi,_ it al_l_'ar,, that the surface thermal account for the r_,lative almndanec of CO: and paucity
regimen of .Mar_ is favorahlc to the development of of H.O in the pr,'scnt Martian atmosp_mrc, although
frozen t,.ro,md ever.wvhcrc, includin_ the equatorial other explanations for the CO./tl O rdationship bavc

, rcRmn where the mv,'_ annual tvml_'rat,re is in the I)ccn prolx)scd (Ref. VI-S). The deRassin_associatedwith
nei_hlmrlm_.lof 60 C. The importantquestionsare: the recentnorthernhemispheresolcanismmay have

llmv thickmi._htthefrozenlayerb,,.and coulditcon- contributedsi_:oiflcautl.vto NlartmnKrouud icy.partk-

' tain si-jfifieant quantitit,'s of _:round itx,. particularly in ularly in areas surroundin,,+ the vok'anie Acid. Ground
' a segregated state? ice of this otis, in would reprt_ent a rather recent develop-

mrnt within Martian histor3.', since this volcanism is
NothinR is known for certain about the internal geo- relatively young (Rcfs. VI-2 and VI-5, also see Sections

thermal flux of Mars, and the insulating properties of its 1V and VIII of this Report).
surfacx' materials are a subject of estimation. However,
a xsorkin_ assumption that the Martian Reoth_rmal flux

On Earth, ground icr exists within the intersHces of
is perhaps one-half that of Earth and that insulation

frozen crustal materials and as segrcRated bodies in thefactors such as vegetation and snow cover on Earth are

two or three times as effective as the presumably frag- form of layers, lenses, and dikes. It is the deterioration
mentcd debris on the barren Martian surface, alon_ with of thesc segregated bodies that causes dil_ercntial

the much lower Martian surface temperatures, suRgest slnklilg and ,.ol|apse of th-' i.2.,!d sulfa,:.('. We have no
that frozen ground could extend to depths "_to 4 times way of knowing whether ground ice on Mars would

- occur in segregated bodies or not, but the speculation
greater on .Mars than on Earth. that it dots is permissible.

On Earth, the most representative maxinmm depths
of frozen ground are 600 to 650 m (Ref. VI-7), although The possibility that the surface beneath Mars in areas
an anomalous 1500 m has been reported. Mean annual of fretted terrain has been frozen to a depth of about I
surface temperatures at th',,'se sites are currently -10 ° to 2 km thus seems reasonable. This could be the dis-
to -15"t2. However, this deep frozen ground may be a continuity, or the base level, which is expressed in the
product of Pleistocene chilling when st_rface tempera- remarkable uniformity of cliff height and the concord.
tures were probably distinctly lower. These figures sug- ante of the smooth floors of fretted terrain, a concept
gest that the ground beneath the Martian surface could developed in greater detail by Soderblom and We,net
be frozen to depths conservatively estimated at I to$ kin. (Ref. VI-9).

,Mort important than depth of freezing is whether the On Earth, a common cause of cliff recession is under-

postulated Martian frozen ground contains any significant mining by ground water. On Mars, a comparable function
quantity of frozen volatiles. Only in Lhe extreme polar may currently be performed by ground ice. Undermining
regions are temperatures low enough to permit forma- could occur when ground ice, either in segregated
tion of solid CO:. Elsewhere the most likely frozen bodies or in rock interstices, is exposed on the scarp
volatile is water. On Earth, the ice in frozen ground face and melts or evaporates, the latter being more
represents water of meteoric origin, The amount of water likely under present climatic conditions. This could allow
vapor currently in the Martian atmosphere Is too snmll the rock materials to crumble, undermining the esea_.
to form more than a small amount of ice dIsD.'nmed menl_ and e_ming recession while maintaining steepness.
through a few tern of meters of ground, and that would Inh_aogeneities in the anaount and distribution of
be poleward of 40* to 50° latitude (Bd. VI-6). If signff, ground ice ,rod in the nature and structure of materials
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..H ......h i::,|,fl,'r,'ntH!r,-(_",',.)II|)r(x_twin_the hi_h|', ,.t'_,t,p,.m ,'\trcmc thlck]..,,,,fi)r|ro/,.n_r,n.nd ,rod|r'.'tt,*d
• 1 It I-I

irTc_tll.tti'_tarpln_'lfl_t'c,i_11 _Ir_lhu'r.cjptttt]!'l._ h.rlam do, n not l_x_ ,G ,t_ .,,_ ,;_,;,:.,:,::_.:.MI_w|,,,h

TI," r,'(_',,ion.d pro_,',, x_ouhl ,oon _on," t, a hah. if i:

t},' d_'bri., ,,h.'d bx th_ , _t arl:m,'nt xs_ r,' not r, mos,.(l. "[l:al ,,ul,,,h.ntc. tratturm_, and _[mnl'fin_ hax, pLL_, _[ _,

Ln(h.r curn'nt , omhtmvl,. _ n,d _ _,.n_,rallx r,-_ar(h'd a_ a part in tl,. d,.vchqm,.nt ,ff c'haodt terrain x_.t_inh rn.d
a lik,'lv a_,'nt ot d,'hn_ rc,,,x,d. For wind to I.' eff..('ti_,' trmn the" ._[arin('r (_ pictun'_ _ff |()G() and nox_ ,,_'em,. [
in ,.ny ,,i:nifk.ant ¢h'_r,'e. all ,,t th,' ro(k ¢h':ritu,, mu,,t ,'.,t.thli,,I,.d I)x ._lann_'r _. Sul),,id¢.ik.,,.of a txp,. ]x)..,,il)Ix
|_" relatixcl_ fire. _rain,.d. If that i, not the it, ilia| condi- h..,d,,,_ to th,. h_rmation ot chaoti_ terrain, i_ _ron,.:'lx _.
tion o[ the d,.tritus _h(-d Irrom t],. ,._tarpmc_tx. then it _',_,._h.d |ix t|,. {ractur_. p,tth.rn cvi(h.nt in a narroxx- r
must I_' rcdu(_.d to that ,t;_t," hx x_,.atherin_. (h, \lar, .a,_h' picttm. , Fi_. Vi-_". As sul)sidcn(_, and _lumpin_ ['
this i_ not an ca_y ta,k: th,'rmal fracturin_ s,._.msan are usually initirat,.d hv rcmoxal of sul)surfac,, material. ,:

, inadequate n,.chani_tn _Rt.f. Vl-10_ for partich, reduction th,- crux of tim ,_:,_in of chaotic t,.rrain 1)ecomcs--what
but _'rhaps it should not lw wholk i_nored, and Malin pr, r.t ..... or piocc_scs could perform that task." Tilt. dix-

• _llc[. VI-II' is cvah:atin,_, th,' matt,'r of _.dt x_ea:herin_. ,oL,tio:_ o! n_'k mat,'rials, tilt. dctt.rioration of _round i

! ,c,'. or th,' cxacuati_m of ,na_,na hv volcanism are thr,.c :
The altcmatixc i_sibilit.v that the unth.rminin,., :._ i_s_il)lc ,u'chani_ms meritin,a eonsideratiol..

t eff_.ted by _round _at,.r. as ur_t_l bv Milton ,flef. _'

i Vl-12. also see Secti'm !!i o{ this Beport_. has I'.,t.! virtue The solution hyl_)thcsis sutters from flu. need for
that the watcr, if ph.ntiful enough, t.ot:id cart:- the wsult- ,oluble nx'k_ and a suitabh" sol,'ent. If -Mars were rich
in_ (h'hris northxxard into tilt' lower ar:a uf n.lativelv in car'_matites :rod its volatih.s were acidic, solution

featurch'_s plain I.xin_ north of frettt_! terrai':. The prob- ,ni_l:( _.cur. This seems a modest _o._sil>ility at best.
h,m involved in postulatin¢ _ro',nd-water action and
fluvial transport i_ the n'quire,,ent of a wholly different (;round-it,. deterioration is attractive hut suffers some

climatic and atmospheric ep.vironme:_t on Mars that ,lua',ifications. The _round ice would have to occur in
: wouhl per'nit the ,.xisten-_. of liquid water on the .Martian _c_res'at_xl bodies, some means of eausin_ its deterioration

surfaee. Such conditions would have had to exist for a must lie postulated, and the question of quantitative
t_n,si(h'ral)h' time jud_in_ by the amount of debris that adequacy is all important. V¢oronow (Rt,f. VI-13). usin_
was removed to create the extens!ve area of frethxl ter- McEIroy's _Ref. \'I-8) analysis of .Martian atmospheric
rain aml the probahility that the process worked slowly: t.vol,,tion, e_ives reasons for thinkin_ that the amount of
it was not a catastrophic proctxture. If of fluvial origin. :;.tter out_assed durin_ the lifetime of .Mars is wholly

frethxt terrain is fossil, and the implication of maior and inadequate to produce the 2- to 3-kin subsidence su_-
enduring climatie ehan_e is highly significant, e:ested by chaotic terrain, even if all the water were con-

centrated as ground ice solely under the chaotic terrain
Why fr, m'd terrain is not more widely develop d on areas. The more generous estimates of Sagan and Mullen

the .M;ntian surface is a moot question. It ,nay be that (Bef. VI-14) also appear insufficient.
proxhnit.v to the large-scale volcanism of the northern

hemisphere has been a factor in terms of larger tl,an Another troubling problem is the depth of freezing
aormal quantities of de_asstx'i volatiles to form ground required unless the ice were concentrated in a single

ice or ground water and in deformation of the surface laver just below the surface. If Martian frozen ground is
to initiate receding scarps. The low-lying, plain area postulated to have a generous 20% segregated ice con-
farther north may also !_, a consideration, tent, then freezing to a depth of 10 km would be required

to yield 2 km of subsidence upon deterioration of the
Another hypothesis, perhaps worthy of consideration, ground ice. This may not be an impossible depth, but it

is that frozen ground and significant quantities of ground strains the limit of seemingly reasonable assumptions.
ice developed under these now fretted parts ,.;[ the Mar-

tian surface to a depth of 10 km rather than I or 2 kin. Even though the creation of large areas of chaotic ter-
If 10% of this frozen mass were in the form of segregated rain, inset 2 to 3 km below the upland, solely through
ice bodies that distended the ground, then a 10% de- ground-ice deterioration may be questioned on quantita-
crease in volume would _'cur if the ice _ere removed rive grounds, ground ice may still have played a signili-
by melting or evaporation. This would produce about cant role in the recession of bounding escarpments, in the
1 km of sinking of the ground level. However, 10 km development of wall.side slump blocks, and in the further

,4
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t............... t ......, * d,,. ,,h,.h, hh,ck_ _,,'.d,'d bx (:dl.,l_.-'. There tlo., lltcltlu_ ,ff _r.u,_d w_'. _}m'l, bL]l.,t h).,-ti_up,)u t}ic

ar_' .:' , .uca.. _I clh.)I,c terrain _hich d- n_)t l,._k .,. \l._rh,m .urlac,' hkc a _pok.mc-tXl)C ti;)_d , Fu't. Vi-i6, I'
though thcx h..l C\lwri,'uc_l much _ub_id_'m','. p,,rh.q_ "l'h," _.tcatcd ar_,.i,, prc_u,nahl_ c.ll,q_,.cd i.to _h.l*,t.' i.
i1:_t ,.n.u_h to initi.d,' t rack', x_hl_h x_,'n' th,'u wid,-n, d h'rr,du
il_t,_ch.t..,u., l,x _ro.nd-ic_. dcl_'ri-r.dton _F'i_ \'l-3k TI.,

th,m_ht that .,..dl ..tatt,'r, ,I p,ltchc., ,_I ch.,ot=c t,'rr..n It d,.t,'r,.r.flion .I _=m.ld .,' i.. n-t the onk ,_r _,xen [
l:i'_ Vl-i_b, ,,d,.'hl I." crc.itcd b_ th," local d_",truction th,' pr, ncq_.d _au_. oI th,=-t.' tcrr.du, d..n tl,_. _ub.,ur-

_)t _r,,,nd i_, is .d_o app,'alin_, tac_. Illl , IIIl'llt _|t IIl.l_lll,l I1! ,l_,_.ll(.I,ltltlll _Ait]l x_)lc,ttli',,_ll

,,:','m_ tl-'-th,'r ,._st lik,.Ix ,l_'nt. Thi,, thought _,, ,,c-p- 1'
_,n_,thcr .tr_u,m'nt h.l,, b,,en adx.mced bx \leC,udcx p-rt,'d I)_ tlw _.n_'ral pr,_xmuty of the primipal areas _t !-

et al. _llt'f. \'1-15_ rt._ardin_ the. l_,_,,0d,' r_)h-of _r.und cha_)tic t_'rr.un to tin, m,q.r r,.cent x_lcanic lield,, ,n the
it't' in th,mtie terrain {orn:atim_. In places, large ..,_'em- ,_wthcrn hv,,fispht,r_, _t \lars. It max I," that _olcanic _"

: in_ly scour_'d ch.mm'Is t.,m.rm" tull-I_rn from ar,'a,, o_ _ub.,,id,.ntt. o_iu,_ to x_ithdrawal ,ff ma_ma has miti.dt'd
chaotic terrain. Thcse authors _u_cst,'d that the oh,m- tlw d_.xch)pmcut of ch,u)tic terrain, which was then tur-
in.l,, xw.r_,re.copied bx hu_. '.l(_Is ,ff water, r_._,ultin_ th,'r,.d hv _rt,u,d-ic_. (',.tt.rioratiou.
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VII. Comparisonof Martian and Lunar
, Multi-RingedCircularBasins1

Don E. Wilhelms
u, s. GeologucalSurvey.MenloPark,Ca;iforn0a94025

Six .Martian multi-ringed cireular basins are described A. Lunar Basins

here. Argyrc, Hellas, Libya. "'Martian Schr6dinger.'" Edom, At the present stage in Martian studies, the basins are
and Iapygia. The term "muhi-ringed circular basin," or best investigated by comparison with the better photo-

m simply "basin," is derived from lunar studies (Refs. VII-I graphed and long studied hmar basins. The youngest and
and Vii-2) and refers to large crater-like features that best preserved large hmar basin, Ork.ntale, is a neces-
have more than one raised ring. On the Moon, there is a sary reference object for all lunar _;nd Martian basin
size continuum between craters and basins; the transi- studies because it displays with minimum modification
tion occurs between 150 and 300 km (Ref. VII-3, p. 445). the features of a newly formed basin (Fig. VII-l). The

The larger the feature, the more rings it has and the 'aasin proper consists of three concentric, prominent,
wider their spacing, rugged mountain rings. The inner two are together called

the Rook Mountains (Montts Rook); the third, Montes

On both the Moon and Mars, the basins are genetically Cordillera. All three rings contain topographic elements
distinct from the material that fills them (cited works; that are concentric and radial to the basin. Degree of

Ref. VII-4). The fill. which on the Moon is largely marc organization i|icruanes outward: The i_nner ring is the least
basalt, was emplaced a considerable time after forma- complete and has the most randomly oriented elements;

tion of the basin (Ref. VII-5, pp. 309-311, and Ref. VII-4). the Cordillera ring is the most continuous and has the
most radial and conct,ntric elements.. The Cordillera ringThus, the terms "basin," for the containing structure,

and "mare," the fill, are in no way synonymous. The is probably highest as a whole, but parts of the second

depth to which the basin is filled, and the specific ring Rook ring equal or exceed it in height. The spacing be-
that forms the "coastline" of the fill, varies from basra tween r;ngs increases outward by a regular ratio that

seems to be common to all luna.r basins (Ref. VII-l,
to basin and is controlled by endogenous factors not pp. 64-65). The depressions between the rings and inside

• directly related to the basin-forming process. This dis- the inner ring are occupied by less rugged, rather chaotic, _
;i enssion concentrates on the basins and only in passing materials (and by the later flat mare fill).
_- mentions the fill, which on Mars is usually a light-colored

_ plains-forming material. Outside the third (Cordillera) ring, which encloses the
_. basin proper, most topographic elements are oriented

_ aPublicatlonauthorizedby the Director,U. S.GeologicalSurvey. approximately radially to the basin. There are rugged
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radial valleys such as Vailis Bouvard. and finer, braided
ridges. At the distal margiz,s of this lineated terrain are
dusters of craters having subequal size and morphology. ">
For reasons extensively d_scussed in the lunar literature _ _
(cited works), the Orientals basin is believed to have

been produced by an impact. The raistxl rings were _, ,_.
probably uplifted by shock waves and modified by fault- _,17"
inK: the lineated peripheral material is the ejeeta; the _
satellitic craters are the secondary impact craters, The ,.
exact origin of radial valleys like Bouvard (and Vallis ":"'.
Rheita of the Neetaris basin) is less well understood; _.__-"_

they may be formed by secondary, fragments ejected FIE,VII.2, North-centralpartoftha MoonIneludinsthe Imbflum
along low trajectories (Ref. VII-5, pp. 817-818). basin,Northat the top, Ar_lmedu is 80 km in dllmeter, Gen-

eralizedcrests of Iour rinks,ire shown(see Refs.VlI.I and "
Another lunar basin that is a useful analog for the VII-2), Mantes C_rpatus,Apanninus,and Caucasustogether

Martian basins is hnbrium (Fig. VII-2), the largest lunar compoee the main Imbrlumbasin rinK.Thetwo inner rinksshown
basin. It is much more deeply flooded by mare material correspond to t,_o two nook rlnp of the Odontal_ basin {mFig. VII-l). A fourth rini5 emphasizedby the odKeof Sinus
thau is Orientale. The innermost ring, which probably M_dll,llu out_Idethe main rinkham. Note the structure radial to
corresponds to the inner Rook ring of Orientale (450 km the buln (MountWllwanObservatoryphotograph,unpubllsh_d).

i
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Fra .Mauro l:ormatioul b¢.Rins b¢.xond this ruRff,ed matc- measures about SO0 km across except where a promon- [;14

r,al..%t a consid¢.rahh" <h_tam'e fron, .X,hmt,.s Ap_ ,minu.s tory juts into it -_r_:.n. h.,s ,nanv of the features of the "
l-is still another riw,,. Part of it Ix_unds Sinus .Medii op ()rk'ntah. and hnbrium b,t.sins, but differs in some re- [

flu' south and contim,.s nortl,',tst into the terra. Tiff'; spects. These concuntric imle_ rin_s and two or t]n'r¢' [I
rin_ t_msist_ ,,,,_tl.x of ,l low sx_cll locally bounded by a partial outer ril,_s have been identified tFi_. VII-4I. Ttw
ba,in-faci.,_ scarp and has tar fewer rut,'_ed peaks than imler, most speculative ring is marked Iw isolated island:

do the mountainous chains that compose the three inner (Fi,_s. VII-5, and VII-61 and the end of the promonto, _!
riu_s. (Fig. VII-5c). This nng is like the inner Imbrimu el.,:

The second and third rings are in the main part o_ ,e 1:

The majority ot known and suspected Martian basins rugged rim (Figs. VII-5 and VII-6/. They prol_ably com'-
are ,malh,r and mort, dt'_raded than Orientals and spend to the second and third rin-_s of O,'ientale ;rod

hnl)rium, and are best compared with a hear farside hnbrium. The co:nponent rugged peaks of the second
rin,, have mostly irregular outlines and subordinatebasin _uch as K,.roh,v IFi.'_'.VII-3L This de_radt'd basin "

, has lost most of the radialh" lim'ated ejecta and other concentric and radial elements. The third ring, approxi-
morphoh,_ic detail that it. like Orientah', hni)rium, and mately 1200 km in diameter, resembh's the third (Cor-
most craters, once undoubtedly had. dillera_ ring of Orientals. althougl', it is less continuous.

' It is bounded on the basin side by a steep scarp and on
' the outside by a plateau (Fig. VII-6h In this ring and

B. Al'g]cre th,, plateau are numerous coarse and fine radial struc-
tures; large structures like Vallis Bouvard occur in all

The Arg.vre basin (named for an approximately corer- but the northeast sector. The spacing increases outward
ruinous, bright telescopic feature) has the most complete from each of these three rin_s to the next by a ratio like
rugged rim of all large Martian basins. The plains fill that observed in lunar basins. Between the rings, in some

pi,.ces, arc subsidiary concentric rings (Fig. VlI-5a).
!

.... i , - :IIIIMll E

. , ,. . _ _, _, , An additional parhai ring is marked by discontinuous' ' ' " " ridges with smooth convex-upward profiles that are some-

"-'n__dll_"¢;._*_[_'_/II1¢_ ,_-_ ridgeswhat like(Fig. lunarVl,-5c).,,,,,reI' inallv,ridges,therebUtart,unliketwo longhear inward-basint,. t,
• ,,. . :., __, ,,"_p_,__ facing low scarps backed by a featureless plateau (Figs.

4 ,, _ _, ,_ ,,_._.'e';_tcm' ,d'.ail_lil[l_ VlI-5b, VII.5e, and VII-6). These scarps, which may be
! ,' ,-_ ,' '. , _ _'_-i-i-i__ _l connected into single structure, are like the fourth ring

" _ c- of Imbrium and are tentatively considered the fourth
._ ' . .? ' ',_-d-.-_ principal ring of Argyre.

• ,¢

/ , ¢ .& _ _ . ,, , . _ , . _. In a lunar basin, the lineated basin siesta is deposited
,./ _ 't, , (, ,_ on the plateau outside the third ring. At Argyre, the

: _, ' ' ' - radial lineations that are clearly visible outside the third- '. ( al ring could be scours or faults ia bedrock and not deposi-
k _ ,r(k x , ¢

, : i _ ,_ _ tional texture of ejecta, but some finely lineated terrain
• '_ '_ could represent the Argyre ejecta blanket (MTVS 4182-

X r " " 66, DAS 06426598). "_No secondary impact craters have
¢ ' ' " _ been discovered unless the widenings along the Bouvard-

t ;,, *' , _" " like valleys are of this origin. Systematic mapping prob-

.. _ ,!_I_, , , secondaries, as it was on the Moon except for the obvious

Fig. VII-3. The gorolevbesin on the far side of the Moon, ones of Orientale.
centeredst 4"S letitude, 157° longitude.North tt the top.

_ There ,'..retwo conspicuousThemain tings and s faint430POssiblekmin eddltionll 2Numbersin parentheseSincludedthatappearthisinthe textbutreferwhicht°Mar_nerprovide9 [,_ innermost ring. ring, avereglnll diameter, television pictures not in section, i
_ IS dividedinto two parts in the west. Radial Ilnostionssouth, additional pertinentexplanatorymaterial. All Mariner 9 pictures

_'- west (belOWand left) of the main rlnll mey he besln electe, may be orderedfrom the National Space Science Data Center,
_:' (Lunar Orbiter I, 38.M). Code801, Greenbelt,Marylando.0771.

" i ¢
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Fig. VII-5. Overall views of the Ar_ basin (Mariner 9 "g_esy" frame; s_ Fig, _'114 for location and
orient=tion). (a) Southeast se_or. The ruled basin rim has a p_ominantly conce_.tri¢ stru_u_, A redlal
valley (containinga much younger channel) extendsoutside the rugged rim. Several small islands, probably
marking a buried innermost ring, protrude through the plains fill. Large crater 200 km in diameter. (MTVS
4143-06, OAS0581255_) (b) Southwest sector. The rugged rim is divided roughly into two concentric ring
belts. The inner of these (the "second" basin ring) has a random structure, and the outer one a radial struc-
ture. Part of s low basin-concentric scarp is at the le_ (west). (MYVS 4134.06, DAS05524578) (c) t .,rthwest
sector. The ruggedpronlontorj near the center .f the ply'Suremay contain parts of two rihgs, the inner one of
which (the innermost basin ring) is mostly buried by plains material elsewhere. A conspicuousarcuata trough
dl, "Jesthis promontory and other, less cor._picuo.s, peaks of the secondbasin ring from the third ring. The
outer part of Therugged rim (thin ring) is radially ._tructuredIn the north half of the picture. A short ridgs.like
_ng and a long, outer basin.facing scarp like that of (b), or its continuation, are left (west) of the rugged
rings(see Fig. VII-4 for guide to locations). (MTVS ._137-09, OAS0559660_) (d) Northeast Nctor. The rugged
part of the rim, composedof two Indistinct rings, is emb_y_l by plaint material north of the isrge (200-kin)
crater, (MTVS 4143-09, DAS05812828)
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C. Hellas a vrry lar_c ar,'a _Fi_. VII-T,. Tlw northeast rim i,
h_'.wil_ _',ubay_l ,rod thsXh'd b_ plains material so that

!

Hcllas. who._t,main rim i_ about L-_O0km across (1_'- lht" ri,u brc.lks up intt_ nmm-rou, isolated Islamis sur-
twcen crest._L is the lar,Zt_t cirt_ular IxL_iu .sOfar dis- roundt_! I:_ plains.
cove,red_.Fig.VII-t _.The main rim is prolx,bly au,do_ous
to lht, lSO0-kmrhl_ of Ih(..MIml_'s largest basin, hnbrium.
TIlLs ¢()rl(_.poudt,llL't, is un(-l'rt_l_in,howe'er'r, ]x,_.-,iu__t, TI,. xw.st_.rnrim (Fi_. X,'ll-._._t_)nsists nf two rin_s. A
Hdlas is harder to deserilx, in lunar terms and to rt..... "d. partly sh,irp-erq.st_xl ami partl_ bro,td rinK.

visualize as a whuh. than is Ar,.,_'rr. Helk_ may be ratlwr like the third rin_ of Ar_.vr(.. is l_mn(h.d by an
basi,,-ally diff,-rt.nt or tlw differcnee nmy I_' only" apparent imvard-facin_ s'carp and a _m,dh.r out'.v:_rd-faciu_ scarp.

" :,nd may rt.'sult from t_meeahm.nt of its inner rin_s by Quite ,ear this rin_ is an,)thrr consisting of a series of
the plains fill or l)y bh)wh_g dust, or ,ner(,l.v from the smooth com_'ntrk, rid_t.'s.Tht.se ri(l_ _esemhh"eertai_
ir :erior photographic cov('rage, dc_raded rin_s of lunar hasins, but arc ,re)re numerous

• and more ch)scly spa(,_'(l;in spacin_ they resemble sul)-
rings southt.ast of Ar_yre (Fi_,. Vll-5a_. A terrestrial

The north(.m and (_stern rims are composed of rugged tt_.tonie anaio_ h;u_ Iwen su_(_t('(! for tlwm (R(-f. Vii-6.
F_a_ that rt_embh, thu_e of Ar_re and of the large p. 54). Otlu-r v,._gm, rin_ struuturt_s whose relation to

_" lunar lmsins, but are mow degraded and more w:dely Hellas is Ix_t seen _m tht. shaded r_'li('f map (Fig. VII-4_.
spaced (Fig. V!1-7). Most arc irregularly oriented, but occur west of the l)asin. Thcy resemhh, the short ridge-

' there arc some radml and e_ncentric eh,ments. Indistinct, like ring of Arg_.'re_Fi_. Vii-5t') and art' not yen" lur, ar
irregular trougKs may divide the peaks here into two in morpholo_" or Slxleing: tht,v ar_', however, pc,orly
broad rinCs, but the rings art, less continuously tract,able photographed. The reason for thc difference between the
than in lunar basins and in Ar_'re. No attempt is made east rim (wide exlxinst-s _[ separated peaks) and west
to draw them t'ast of the hasin, where peaks occur over rim (discrt_e concentric ridg_) is not knox_a_
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FII. VlI-L W_Im rim of I'kdlw basin. _ I_ _ math rim of the INmin is !
succeec_ou_ (len)bywo_herpend_rklIes_ withther_ (Ik_lc of

4139-72, OAII 0M7111111 M1YII 4111t-II, DAS 0tl71M8; _ 4131-10, GAS
ou71oze_m'vs41408-S4,0ASlUl_ toptobottom) !
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basin i_ w,,ll _,_tablishcd. however, by all arcuate belt fill over the first and third basin rinas indicatt' t.vt.n

of ruggt_ peaks that border tile plains on the south: this later adjustment ie._...MI k b 415(5-75. I)AS 0714742.3,.
belt re-emert_es in more subdued form northwest of the

plains fill. The inner edge of this rugt_txl basin rim makes l,
a circle abotlt 1100 km in dianaeter. In addition, there is E. "Martian $chr6dinger"

a long conct'ntric scarp in the terra south of the basin The multi-ringed basins that rcmain to hc discussed
(Fig. VII-9. arroxv_, art. smaller than Ar_yrt.. Hellas. and Libya. By far the

The peal_s of the main _rc south of the plains fill have frcshest is a doublc-rint_ed basin. 200 km in diameter.centered at 52:S latitudt.. Sl: longitude: it does not
a rough basin-concentric a-rangemcnt that is here tenta-
tively interpreted to be threefold (Fig. VII-4_; the three- coincide with a well defined teh'scopic albedo feature.• so it is here referred to by the name of the hmar feature
fold ch n_der is most apparent southeast of the plains t325-km diamcter_ which it most closely resembles.
fill (Fig. VII-9_. Peaks of all three rings have some con- ('Martian Schrodinger." like other small h.atures that
cx,ntric and radial edges: _hc outer (third) ring has the
most radial elemeuts..Mort'over, the plateau southeast arc here called basins, will doubth'ss receivc a specific

crater ham,' from the IAl_'.t Two rino_s are very well
of tiffs ring has basin-radial structure in places (Fig. defined (Fig. VII-10L The outer one is concentrically '--
VII-4, c,entered about 0" latitude, 248 ° longitude;
"lineated terrain" of Re[. VII-7, Fig. 17b). This threefold structurc(t like a typical crater rim. and the inner one

structure suggests analog" with the three inner rings of is a ring of rugged peaks much like that of the lunarSchr6dingt-r (_peak ring" of Ref. VII-2. pp. 13. 63_. The
Argyre, Orientale, and lmbrium. Alternatively, the taro• • extensive ejecta blanket of "Martian Schr6din_er'" is
inner nngs together may be the equivalent of the second fine-texturcxl and may be supcrposed on fairly sharp

Rook ring of Orientale, in which case the Libya equiva- rilles that cut the adjacent plains. This basin is obviouslylent of the inner Rook ring is buried by fill. Post-basin
very young by Martian standards and shows how other

graben occur inside the third ring. where they also features of similar size once may have locked. For hmar
occur in lunar basins (faintly visible at lmbrium in Fig. features, 200 km is within the size range in which a
VII-2; more complete analog)" at Humorum). The outer second rinE appears.
scarp (Fig. VII-9, arrow), the fourth Libya ring, is
analogous in position and length to the Imbrium scarp

south of Sinus Medii (Fig. " il-2), but is higher and F. Edom
steeper.

A somewhat larger, more degraded, basin is Edom

Ejecta of Libya have not been identified; the radial (named in Ref. VII-7). Its 450-kin rimcrest-to-rinlcrest
features to the southeast are probably structural. Exten- diameter is comparable to the lunar nearside basins

[ sire tracts of knobby terrain east of the basin fill were Crisium and Humorum (500 aud 4"25 km, respectively)
previously suggested to Ix, ejecta of Libya or bedrock and to the farside Korolev basin (430 kin; Fig. VII-3). :
shattered during its formation (Re_. VII-7), but this The main Edom ring (Fig. VII-I1) eveDavhere faces the :
hypothesis has been rendered m l_.ely by systematic map- plains in a (usually jagged) scarp. In some places, it is i
ping, which shows that the knooby terrain is not con- rugged and elevated above the plateau behind it; in
fined to basin peripheries, but borders most of the other places, it is level with the plateau. An inner ring,

contact between the ,tensely cratered and sparsely surrounded by the plains fill, looks, on the available
cratered parts of ,_:.,rs (Ref, VII-8; also see Section II pictures, partly like "terra" islands and partly like a lunar
of this Report). mare ridge. The inner rings of several lunar basins, in- ]1

eluding Imbrium and Crisium, are also made up of
! The ext_ .ire modification of Libya results fiom its islands of the basin ring plus ridges caused either by

position _,_nwart the contact bet,._een the Moon-like intrusions along fractures following the buried ring,

densely eratered province ar.,l the sparsely cratered or by differential compaction over the buried ring. A
plains. Plains deposits h_ve buried the northeast basin scarp southwest of the main Edom ring and parallel to

i rim and embayed fit., southwestern rim. The circular it may be a third Edom ring.outline of this e:n_ayment suggests that it is localized

I by a pre-Liby: basin, which (as at Hellas) has caused Radial structures south of the main ring (MTVS 4170-

the Lbva _hn in this sector to be depressed. The periph- 36, DAS 06714788) look like lunar basin.related structures,
_:al cor.._entric graben indicate radial tension after basin ejecta or gouge. Elsewhere around Edom such structures
t'orm,:tion, perhaps long after. Sharp scarps in the plains presumably are buried, eroded, or poorly photographed.
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Fig. VII-IO. "Martian khr6dinzer." (a) The outer ring is 200 km in diameter. The northern
(upper) part of the ejecta blanket, inciuding some faint secondary crater chains, seems
to burypart of the narrowrilles.(Mosaic of MI_S 4154-54, DAS06138898; MTVS 4156-51,
DAS 06210438, top to bottom.) (b) Oetail of (a) 10× the scale. (MTVS 4245-19, DAS
09159719)

G. lapygia the intercrater plateau. The apparent differences between

Iapygia and Edom art. probably due to differences in

The main ring of the Iapygia b_i:. (namtxl in Rel:. local geologic factors such as post-basin depositima aml
VII-7) resembles that of Edom in size and morphology, erosion, not to differences in age. The western interior

The two other rings are probably present, but are i,.'lis- of lapygia, like the western periphery, seems to be less
tinct. The existence (_[ an inner one is indicated by a thickly manth_! than the interior of Edom.
circular aibedo l_lttern (Fig. VII-12) that probably is

caused by topographic control of dust deposition. The
existence of an outer ring is suggested by subtle varia-

tions in topography. Both these rings would probably H. Other Ba$1fls

show up l_t.tter in pictures taken at lower-angle Sun At least P,vo other circular features betaveen Edom/

illumination (about 45 ° ill Fig. VII-12). lapygia and "Martian SehriSdinger" in size have faint

traces of inner second rings (9.3°N latitude, 327* longi-
In contrast, radial structures are more extensive around tude; 21°N latitude, 298" longitude). Systematic search

Iapygia, at least to the west, than around Edom (Fig. on low-Sun photography may reveal (or has revealed)
VII-13). Cratert_l rims are groov(xl and squared of[ like others. Considering how many bave been found, one
many lunar rims near basins. Also there are grooves in suspects that most or all circular structures on Mars
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Fig. VI1-13.Southwesternperipheryof lapygiabasin,showingextensivestructureradial
• to basin(to upperright:east-northeast).(MTV$4181-33, DAS07002628)
I

a|)m t' :_(X)or 300 km iq , iam('b'r Iat_,(, ,: _;ec'(_nd(or mor(') TableVII-1. PrincipalMartianandlunarmulti-ringedcircular
rin_ that ix ohwured hx youn_er deposits. "l'hu_, tim basinsdiscussedin thissection
[ort|latlon ,,|" I'ill'_, IlI;.I.Vwell follow the saluc l;p.,s as on
the Motto. i)iamctcr of ring

Nmuber of bdi,'_vd to h.und

.'t..ulditioual prol)al)h, lar_c basil_ i_ ccntcred at 83-S Basin t,m,,q}icu(ms basin propertint,s (mcas,,rvd I_t,twc,,,_
latitude. 262: longitude, near the south poh. [Mariner cr:,stst, km
7 frame 7Nl,q: Ref. VII-g, pp. 707-708]. It consists of

llclla_ (Mars_ 'a 2000
,t wmi-eireular arc. about gO0 km in diameter, that looks l.iby,t (Mar.) 4 19Oo
much like tlu .... aiu ring of large hmar and Martian lml_riu,u(Moon) 4 ;AR)
I)asins. It is about the size of Montcs Cordillera of .-_rg?,'re(Mar,_) 4 12CRI

Ori('l_tah,. The south poh" lit's just iusi(h, the ring, Other Orit,,t,d,, (Mo.n) 3 950
rin,,s are not (,.i)viotls, althou_l_ an imwr, prol)ablv see- Ed.m (Mars) .3 450

"' " " lapygia (Mars) 2 45(1
ond, ring is su.tr,gested by at few pt,aks at 79 ° to 80°S Kl_rol,,vt.Moon) 2 430
latitudt,, 270 ° to 280 ° longitude. Other rings, if present. "hchrodingt,r"(Mars) 2 200
are Imried by post-basin deposits, including polar ice.

so far discovered that is fresh enough to have tit(, sec-
I. Summaryand Conclusions ond ring proserved ("Martian Schrfdinger" 200 kin).:' The

This preliminary study has shown many similiarities large basins Argyre and Libya resemble large luna_ basins
between Martian and hmar multi-ringed basins. There +_
is a similar relation between basi, size and number of aHartmann (Refs..VlI-9 and VIi-10; see also Section VIII o{ this trings (Table VII.I). The second ring seems to appear Report) also recognizes the basic similaritybttween Martianandlunar basins, but believes that multiple flogs may appear at a
in the crater-basin eontinmnn in roughly the same diam- smaller feature size on Mars than on the Moon (anti at a still
eter range, judging from the one large Martian feature smallersizeon Earth).
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quit- (.Io_elv in rin_. morphology, ring spacing, apparent All but one of the basins described here .re ami, .I '"
numher of rings Ifour). and morpholoey ot radml strue- features that are part _,f the impact-dominated h('mi-
tures outsidt' the main basin. However, the lar._est basin sphere of Mars, and would he lost to view if plt,s(,nt in :-

of all, Flt,llas, does not appear to completely fit the pat- the .vtn,.n_. predominantly volcanic hemisphere. "'.Marti:m
tern, for reasons not vet known, The smaller basins Schrodin_er.'" coineidentally also in the cratercd hemi-

Edom and lapy,_ia are much Ilk,, their degraded hmar sphere, is youn_ enoueh to he still visible even if in the

equivalents. Ejc'cta and set_ndarv impact craters have volcanic hemisphere, ii
not heen identified with certainty around any .Martian

basins except "Martian Schrodinger.'" Systematic mapping, which will be forthcomin_ from i

the planned program of quadrangle mappin,_ at the
The similaritit's are tentatively considere,_l _reat enough 1:5,000,000 scale, sl_ould 1)e directed at elueidatin_ tht' ,,

to m:licate that Martian and lunar basins wer,, formed problem of Hellas, checkin_ the positive preliminary t.

by the same process..Morphological and statistic.d stud- results presented herc, and surveying all large Martiat:
i_.'sof hmar hasins have strongl.v indicated this proctss circular features for similarities and dissimiliarities to the

to be impact, continuum of Martian and lunar craters and hasins.
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VIII. Martian CrateringIV:Mariner 9
Initial Analysisof CrateringChronology

William K. Hartmann
PlanetaryScienceInstitute.Tucson,Arizona85704

A, Reviewof Martian Cratering Analyses estimate. This resulted primarily from utilizing new
crater counts on improved Mariner 4 pictures, from

Opik (Ref. VIII-I) and Tombaugh in American ,4rtron- correcting the lunar crater counts which were being used
omer's Report (Ref. VIII-2) surmised that craters might as a reference, and from correcting the erroneaus assump-
be abundant on Mars. Craters on Mars were proven to tion that surface age could be scaled linearly in propor-
exist through photography by Mariner 4 in mic1-1965, tion to the crater density on Mars expressed as a fraction
In the first analysis of these pictures by Leighton et al. of the crater density on the ancient lunar uplands. The
(Ref. VIII-3), it was pointed out that the crater density latter assumption is incorrect because the pre-mare lunar

cJ

of the Martian terrain photographed resembled r_mark- crateriug rate was nmch higher than the post-mare lunar
ably closely the lunar uplands." On this basis, Leighton cratering rate, which has been more uniform and thus
et al. concluded that the age of the surface was 2 to 5 allow: better age scaling. Binder (Ref. VIII-7), Hart-
aeons. Imnlediatcly following this, Witting et al. (Ref. mann (Ref. VIII-8), and Opik (Ref. VIII-9) referenced
VIII-4), Anders and ,nold (Ref. VIII-5), and Baldwin their counts to assumed lunar mare ages of 4.5, 4, and
(Ref. VIII-6) pointed out that the Martian cratering rate 4.5 aeons (later radiogenic dates from Apollo and Luna
must be higher than the lunar rate and that the age samples: g to 4 aeons) and derived ages for the largest

• should be appropriately reduced. The three paper_ gave Martian craters of 2.2 to 3, 3.6, and >3 aeons, respee-
,. ratios of Martian to lunar cratering rates of 15, 25, and tively. Hartmann and Opik pointed out that impact

5 to 10, respectively, and all derived ages of the Martian_- velocity on Mars was different from that nn the Moon
cr_ters in the range 0.3 to 0.8 aeon, about one-tenth the_,_ and applied a correction factor.
initial estimate. "

_} , With the publication of these papers, agreement ap-
_=* The next generation of crater studies, still based on peared to be reached on the essentials of age estimation
" Mariner 4 results, revised the age upward to the oflginal based on craters and on the result that the large craters r _
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_,;, _c,.c:.:! .:,',,n, _i(1 and not imst-Caml)riau ill age. ,mah'sc_. xxhich wcre based (m the lwtt_'r deternfined

I)i_cu,sion in the litt',aturc at this point turned to effects large cratcr._. V,'_II, ,rod g_clth.r (tlef Vlll-15) criticized
ot _.roq_m aml the' state of crater prcserxation. Hartmmm opik's _l/ef. VIII-9f assumption (and that ot the other I'

t ilt't. \'Ill-S) had pointed out that the mean or maxi- authors) that tlw cratcrs bcin_ .mal>zcd werc principally
lllrdln ,t'2(' of ,t _roup ot craters of a _ivcn size was astroblcnws. In retrospect, we IIote that x_hile recent

_tl(m_lx _ize th,pcndmd, u_in_ the term "'crater rete,tion M,amm" results have disclosed large volcanic caldtras.
I'

a,Zv'" for the a_e of the olth'_t crater of any Kivt'n silt' ill the 31_arincr 4 pictures portra.vcd what is now known to ith(. _iven _colo_ic l_rmin(.c, lit' concludcd that many be a heaxilv eratercd part of Mars in which impact

cratcrs smalh'r than Oianwtcr D -- 50 km had been ob- craters arc lwlicvcd to prt.dominate. In summary, it ap- 1t

literated by erosion or fihin,& lint that lar_cr craters gave pears tlnt Mariner 4 anal.vs,'s yielded a valid and consis- [

a crater retention "a_t', indicatin,.¢' the late _tages of tent picture of a t_eologically ancient surface with some
I

: planet accretion Opik _lh'f. VIII-9) similarly concluded erosion effects. [I
i that the largest craters had survived from tilt, end of a i

primeval period of intense cratcring, but that many Russell an:l Mayo IRef. VIII-16), pursuing an earl)"
smaller craters had hecn crased b.v eolian erosion acting at sut_gestion bx Opik (llef. \'Ill-l) and Tombau_h (Ref.
one-thirtieth the ratc fomld in terrestrial deserts. Binder VIII-21, measured the silt' distribution of .Martian oasesI

I (Ref. VllI-7_also called for "'largc-scah. subaerial ero- and concluded that th,'v were impact sites. Tiffs has rot

siou'" in the early history of .\lars, to account for deple- been confirmed by _ecent data; Juvm_tae Fons anti Imnae

tion of craters smaller than D -: 40 kin, and related this Lact_s, for example, are chaotic terrain collapse sites;

resuh to spectrometric evidence for weathered, oxidized Trivium Charontis is not n,;_rked by any usual structure;
iron mincrals that imply a dcpser atmosphere in the past. and other classical oa,es are of less certain nature. Some

I
oases may '_.e dark patche_ " "I flonr_.• torlilC,_, ill -.rater

I Marcus taler. VIII-IO) also analyzing Mariner 4 data.

found dcph.tion of craters smalicr than about 20 to ,30 in mid-1960, the sccond generation of close-up images

I kin, and c_nclutled that the surface was nearly saturated of Mars became available with far-encounter and near-
with larger craters. Chapman et al. (Refs. VIII-11 and encounter picture sequences bv Mariners 6 and 7. By

VIII-12) found that the obscrved craters were d_'graded chance, these two spacecraft took nearly all of their

in form and made a comprehensive study of the effect of near-resolution images in the highly cratercd portions of
erosive processes on the morphologies of craters and their Mars, as did Mariner 4. Furthermore, the far-encounter

diameter distribution. These authors concluded that p_ctures were taken at a low phase angle and eonsider-

c_atering of Mars had productd a cumulative total of 0.1 ably poorer resolution than the high-resolution views.

to se,:cral kilomcters of dust, and that either extensive For these reasons, thc Mariner 6 and 7 crater analyses
crater overlap or erosion transport processes were re- were similar in result to tbgse of Mariner 4: neither pro-

quired to account for the observcd morphologies and duced any radical change in the conception of Martian

diameter distribution. In their more detailed paper, cratering, nor did more than hint at the remarkable

Chapman et al. (Re[. VIII-11) derived a dust-filling heterogeneity later reveah.d by the Mariner 9 mission,
m,xlel for crater obliteration which prcdi,'ted a series of

The principal new relevant results were additional sup-
erat,::" morptwlogies close to that observed.

pt,rt for the hypothesis of past erosion and suggestions

that this erosion, evidence for collapse-induced "chaotic

At this time, only 0.5% of the Martian surface had terrain," occurred not at a constant or smoothly changing
been photographed at high resolution, as pointed out

rate, but in episodic events.
most clearly by Opik (Ref. VIII-9). Most authors implied

that since cratering was an external process and the

Mariner 4 pictures cut a long swath across Mars, the In the preliminary analysis of Mariner fi and 7 data,

cratering could be expected to be similar in most regions. Leighton et al. (Ref. VIII-17) conclude that "several
Other cautions were sounded at this time. Binder (Ref. billion years" would be required "to produce the density

VIII-l,3) criticized the counts of Chapman et al. (Ref. of large craters.., m the more heavily cratered areas."

VIII-11), Marcus (ReL VIII-10), and Leighton et al. (Ref. This is the first recognition of the differences in crater

VIII-14) for including many small craters which were density, from one province to another. Murray et al. (Ref.

: not confirmed in comparison of their separate counts. VIII-18), in the final Mariner 6 and 7 report, studied not

Chapman et al. (Ref. VIII-12) pointed out in reply that only crater numbers but also crater morphology, and
these small craters had little effect on the crater density reached a number of important condusions:
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I1) IAtth. correlation exists I,ctwe,,n crater density and (:2) Tilt, earliest history of .Mars (some 10"years?) was 1_
classical allwdo markings. ,mrl-'ed by mtt.nse t)ombardolt'nt a.ssociatcd with

accretion.
t:2) Small craters are morpholo_icall.x different from

bi_ craters, bcin_ n,ore 1)owl-shaped. (:3) More erosion and/or obliteration of craters oe-

(:3) Large er,ttcrs date back to a very early period, currcd on Mars in the past than is oeeurrin_ now,
and this erosion may have either 1)eel, concentrated

(4) Horizontal transport of mah,rial is much ,,,reater on in the earliest history, occurred in sporadic eoi-
t'Mars than on the .\loon and affects the crater sodes, or both.

[()rillS.

(4) Local variations in eraterin_ from region to region
(5) Past t,ro.,,ion processes o.l Mars may have been exist, but were bclievcd to be relatively minor.

episodic.

These conclusions are supported by the l;resent Mariner 13. Significance oI CraterMorphology
9 analysis. Conclusion., reached by *lurray et al. (Ref.

VIII-18). which differ from those reached here, include. At the outset of any dis,_ussion of cratcring on Mars,

(1) "'Craters are the dominant landform on Mars." it is crucial to determine the relation between the Mar-tian craters and similar features on Earth and the Moon.

(2) "The size-frequency distrihution of impacting bod- Only if the features are related can we use them to
i,'s tkat produced the present Martian bowl-shaped understand the evolutionary state of the Martian crust
craters differs from that responsibh' from post-mare vis-a-vis that of Earth and the Moon; i.e., oldy then can
primary impacts on the Moon,.." we capitalize on the Mariner 9 opportunity, to practice

comparative planetology. Therefore. it is the purpose
Subscquent analy_es of data from Mariners 6 and 7 here to demonstrate that Mars exhibits a sequence of

focused on the implications of past erosion history on crater forms which matches a sequence found on both
Mars. Hartmann (Ref. VIII-19) found that the diameter Earth and the Moon.
distribution of the craters and dynamics of orbital en-

counter were consistent with impacts by the asteroid A _omparison of crater forms on the three planets is
population near Mars and re,luired much greater crater- complicated _y the undoubted presence on .V..trs of large
ing rates and erosion rates in early Martian history, volcanic craters. The most clearcut examples, such as

Hartmann (Ref. VIII-20) suggested that a inajor agent those near Phoenicis Lacus and Nix Olympica, lie on the
ohliterating craters was the deposition of windblown summits of volcanic mountains, large even by terrestrial
dust in crater floors. McGiil and Wise (Ref. VIII.21) standards. In these cases, identification of volcanic origin

found localized differences in small-crater populations is simple because of characteristics such as summit Iota-
and proposed "'general continuity of crater formation and tion, scarps, coalescing rims, and other morphologic
degradation with locaUy sporadic formation and/or deg- features. The largest of these volcanic summit calderas
radation of the smallest craters visible." is that near Phoenicis Lacus, having a diameter of about

125 kin. The diameter of the caldera on Nix Olympica
Oherbeck and Aoyagi (Ref. VIII-22) opened a new is about 72 kin. This raises a question whether similar

area of invcstigation by proposing that the incidence of sized calderas could appear in abundance in other parts
doublet craters (nearly tangent to each other) was much of the planet and be mistaken for impact craters. How-
higher than random. Such doublets were compared to ever, the clear diagnostic characteristics of these volcanic
the terrestrial examples of Clearwater Lake East and craters, the fact that the Martian craters taken in toto
West, in Canada, and were attributed to the breakup of match the diameter distribution predicted for impact ,of
incoming meteoroids by tidal stresses set up during pas- asteroid fragments (see later part of this section), and

sage throu_,h the gravitational field of Mars. This hypo- the frequent indications of ejecta blankets suggest that'
thesis has not yet been widely studied, impact craters predominate and that volcanic craters on

Mars, at least at the multi-kilometer size ranges consid-

At the beginning of the _lariner 9 mission then, there ered here, do not constitute the majority of craters.
was consensus on the following points:

(1_ In heavily cratered regions, the oldest large craters Figure VIII-1 shows a size comparison of craters of
(D :_ 50 km) date back 3 to 4.5 aeons, various morphologic types found on Earth, Mars, and
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Fig. VIII-I. Comparison of crater types on Moon (top), Mars (middle), and Earth (bottom) showing four types of crater mar.
phology. Diameter in kilometers is given in boldface numbers. Crater types from left to right are bowl.shaped, central peaks, in-

terior ring of peaks, and large basin.

the Moon. If the extensive data on lunar craters are fitted cmumonly kave ce_tral uplifts; on the Moon, the central
together with field geolog;c data from st'adies of terres- peak frcqu,:ncy is maximized nearer a diameter of 90
trial crate_s (e.g., Dunce et al. in Ref. VIII-23, p. 339). it kin. Similarly, there is an offset in meaa size for other

is evident that a range in crater form exists starting at properties, as pointed out in an earlier paper by Hart-
small diameters with simple bowl.shaped craters, pro- mam_ (Ref. VIII.24) based on data fron, 31ariners 6 arid
ceeding through what Donee termed complex craters 7. The Mariner 9 data confirm the basic observation of

with central uplifts or peaks, and extending to lunar the earlier paper, namely that each crater type occurs at
examples of craters with rings of peaks on the crater smaller physical dimension as the planet grows larger.
floor, an example being the crater Schr6dinger. At still In the earlier paper, this was attributed to the fact that
larger diameters, all manifestations of central mountains as surface gravity increases, a smaller volume of rock
disappear and the crater rim is surrounded by a series suffices for gravitational adjustments to overcome the
of concentric ring _aults. These concentric systems are constant strength of rocky material.
not prominent on Mars or Earth, and on the Moon the

older examples a,e severely eroded. It is concluded that similarities exist in basic crater

morphology between Martian, lunar, and terrestrial ex-
Figure VIII-2 compares the sizes o_ these crater types amples, and that most of the larger craters can be ,.om-

on three planets. On Earth, craters as small as 10 km pared on the bas;s o[ impact theory.
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Fig. VIII-2. Histogram showing frequency of occurrence of central peaks and interim rings
as a fuP;.don of diameter for craters on Earth, Mars, and the Moon. Smaller s,:rface gravity
results in larger dimension for transition from central peaks to interior rings.

C. Undersaturation:FossilRecordof Asteroid h'ast marginal evidence of the fossil imprint of the aster-
MassDistribution oid mass distribution." Mariner 9 data extend the crater-

ing statistics to such a large sample that a much more

The asteroids, which may be related tu the population ineaningful comparison can be conducted.
of objects impacting Mars, nearly fit a regular power-law

distribution in mass or diameter, except at large sizes, as The first problem thz.t must be solved is that of satura-first pointed out by Kuiper et al. (Ref. VII1-25) and rc--
cently confirmed by Van tlouten ct al. (Ref. VIII-26). tion. If true saturation were approached, the diameter
The irregularities in mass distribution of large asteroids distribution of craters would be h_ghly restricted be-
should bc transformed into irregularities in the distribu- cause the diameter distribution would be determined by
tion of large craters on Mars, if most o{ the Martian the maximum geometric packing of ,_ratel'_. Therefore,

it is irr,portant to guarantee that the areas studied are
craters are caused by asteroidal impacts. The irregularity
in qnestion is a flattening of the asteroid size distribu- free from this saturation effect. Mariner 4, 6, and 7 pic-
tion between asteroid diameters of approximately 7 and tures all showed regions where the crater density was
50 kin. quite high. Mariner 9 pictures have clearly shown that

sume provinces on Mars are sparsely cratered, under-

By converting the asteroid mass distribution into the saturated, and appa;ently young. Thus, it is possible to
distribution of crater diameters that would be produced select regions where saturation 's not irr.Qortant and to
on Mars by asteroid impacts. Hartmann (.qef. VIII-19) test for saturation in other regions.

predicted that "asteroidal impact craters, ff they fall be-
low the saturation line, would show a plateau or fiat spot This has been done in the following way: A crater
in the crater diameter distribution in approximately the cab.log of all craters down to 64 km has been prepared
interval 50 < D < 500 km." The 1971 paper compared using Mariner pictures and preliminary USGS Mars

the predicted crater distribution with a slnall sample of photomosaic charts for latitudes south of -_-32" where
craters from Mariner 4, 6, and 7 cratering data. Statistical the north polar haze is not an obscuring influence. The
scatter was large among the crater sizes considered, but catalog was checked against the USGS airbrush struc- i
it was concluded that "the Martian craters do show at tural map with the r,sult that some 80 craters were _ •

t
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addt-d, hrin_,.n_ tl," h,ta| to .5.50craters. To deGne three provinces mt.ntiomxt. Data from tilt, crate," catalo,_ for
provint,t-_, lilt. chart_ wvrv divithxl into thret. _roul)._. D __SI .t::n -._.r,"fitted to counts irrom individual pictuns
sparsely tratt'rcd, m_tlcrateiv cratered. ,_nd beastly era- for D < 64 kin. Tilt, upper envt'lolx" for all curves is the
tt'rt.d. ()tdv llw h,.a_ilx crah.rtxl pr, winta, approach_-s saturation line. which is based ou data from the most
._atul fion. Thcrcfore. xxt. have at |t.,tst t_vo ihdcpendent heavily cratcrt_ luuar uplands avd from eXlu,riments.
_r_,ui'_ of data to dch.rmine tl,c size distribution of Below the three cunes showin_ Martian provinct_, art"
craters in unsaturated regions, and a t,_st for the ,aster- pltxl;cttst d;amt't,l distributions for arbRr_,ry numb,,rs
oidal mass distribution tan be attcmptt_l, of asteroid imi.'acts l_,_ed uP_tilt, recx'nt Palomar-Leiden

_tsteroid sun'ey {ReL Vlll-26) and other somcx,s. dis-
Figure ll_) shows the diameter distributions tin cussed h': Hartmann tRef. VIII-19L Figure VIII-:3 i:"thus

logarithmic increments) for craters in the three tylx'S of an updated version of Figure 1 of Ref. VIII-19. The
asteroid counts can Ix. adjusted by vertical sliding ac-
cording to the total density of craters considered.

10"4 {

i On the basis of the earlier discussion, it had been

! hoped that Mariner 9 would produce a large enough._

sample of craters so that the fossil record ,,f a-teroid
10"s mass distribution could he detect, d or r_ futcd. How .•ver.

this would have required a lar_t" (rater sampl..., i.t•._ :hat
all of Mars Ix'cratered to thc saint' dt'nsitv .ts fo_ ,,d i;"

the Mar/her 4, 6. and 7 regio,,. In,toad, as indicated

"E in Fig. VIII_. large regions are sparsely eratored and the
Io"_' ,tatistk-_ are insufficient to settle the question. The

_'\ "¢*o numerals -o- in Fig. VIII-:3 indicate, for each tun'e,
x x _. where the number of craters in the logarithmic incre-

tJ xx

, \ _ ment drops to two.
i , %

i0-7 x
o _, The conclusiom reached on the basis of Fig. VIII-3 are:

(1) Even the heavily cratt.red regions of Mars are not
z i

"_s,:a,o,_,, ,, ", i saturated with craters.v ] (2_ At D _ 100 km, the Martian craters are quite con-

"1-i :rO_o° xxx "_ sistent with known asteroid statistics._z tO_ x\

x\ _'o_ (8) Although the slope of the size distribution of

_*o craters flattens or becomes more positive with in-
/ _o" " / creasing size in the size range D > 181 km, as

10-_ x .t predicted from comparison with asteroid mass%%

distributions, the absolute numbers of craters are
too small to allow a definite conclusion as to
correlation or noneorrelation ssSth the asteroid mass

IO'I'IL.._ t i , I I 1 I i I i distribution.

(4) No data are inconsistent with asteroid impacts.
DIN_It_ km

{_ crmmea t_ (.o_ ,ae.)w_ we_ct_dmme _ O. Implicationof HemisphericAsymmetry
, un t,ma byimp.or,o_., _ _ (u_ inCraterDensity_ dad_ tim) and "% o( me "Jmw o_Wok_" inthe Palomar-

.1 _ atmaq 0_ eaahad ll_). Ul_mm.m ttm_ "s the F:.'3ire VIII-4 shows a Mercator plot of large Martian
_npla_! _ kdlk TI_ _ _ _ _ eraters based on the above-mentioned catalog of allm nat_nlnl _ Ioq_ dlanndm e¢ _Id he p,Wlc_d (_n

tim mtomM_ lint tim _ Im_w _, _ numbers, craters of D > 64 km. The plot reveals a crustal asym-
The Im_l ¢mmtpomlinl to two craWa l. a ainl0a IoCt_ merry. 'Ihe hemisphere centered south of Deuealioni_

_.: dlanu_ lnaement b Imlk-md b7 mews ea mm _ Regio is heavily c_atercd, and contains the Hellas, South
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Polar, Argyre. and *loeris L_eus hasins. The hemisphere volcanic shields is characterized on high-resolution (t_ to
ce'_tered among the volc_moes neai" Nix Olympica is 1 kin)pictures by lobate flow-like structures resembling

sparsely cratered. The fact that the south polar region lunar and terrestrial lava flows.
(except for the inner cap itself, latitude > 80 °) is heavily

cratered and that Mariner 9 pictures, after north polar Clearly, strong volcanic and tectonic aetivib,, has
haz,, eh'aring, reveah'd a sparsely eratered north polar obliterated the ancient cratered crust in the Tharsis

region strengthens the hemispheric asymmetry seen in volcanic dome, the Elysium volcanic dome. and nearby
Fig. VIII-4. areas. The nature of such processes will be discussed

elsewhere in a separate paper;' evidence points to crustal
The rough division of Mars into heavily and sparsely updoming of a type recognized on Earth and reflecting

cratcred hemispheres occurs along neither latitude medi- incipient convection, but falling short of full-fledged
dians nor longitude parallels. Rather the great circle best plate tectonics as developed on Earth. It is of interest
qtting the division is inclined from about 50°N to 50°S to note that hemispheric asymmetries of crustal structure

latitude. It is thus extremely difficult to relate such an appear on the Moon (mare/terra), Mars, and Earth

asymn-'to' on a rotating planet to external influences, (oceanic/continental), probably indicating that primeval i
such as nonisotropic meteoroid bombardment. It appears uniform sudaces become heterogeneous through the ac-

that the crater deficiency in the volcanic region is due tion of impact basin formation, sediment deposition, and
to depletion by internally generated processes, mande activity. _

_t

These processes are indicated by the unique geology "Ig

of the region. The whole bright, sparsely cratered region E. RelativeDating:Surveyof Crater Densities
surrounding Nix Olympica and Tharsis is elevated several
kilometers above the mean Martian radius and sum- Figure VIII-5 shows the map of Mars contoured ac- -

rounded by a strong radial pattern of faults. The cording to density of craters of D _ 64 kin. There is no _]

Coprates canyon lies radial to the domed region. Shield correlation between the density of these large craters and
volcanoes reaching an additional few kilometers above

: this dome lie near its center. The "desert" between tile ,Ao_pted_ publicationin lear_. _
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Fig.VIII-5.Contours of :raterdensityon Mare forcraterslaqlIrthan 64 km Indiameter.Unitsgivethe number ofcraters

per equal-am block (block. arel - 8.05 x 10 +_kin:).

the classical albedo markin_ seen from Earth. Although Figure VIII-6 is a summary of Martian cratering data
a number of bright "deserts," such ,_ Tharsis, Elysium, and serves as a usetul introduction to the discussion of
Arg2,.'re, and Hell_ts. have nmch lower density than dark erosion history. That thc heavily cratered regiou falls
"'maria," such as .Mare Sircuum and Sinus Sabaeus, a below the saturation line found on the Moon is a sure

simple correlation betaveen darkness and high crater indication that substantial t,rosive and depositional
density is "iomted by the large, bright cratered regions processes have destroyed the earliest traces of accretion.

I of .Moab and Arabia. Hene,.. +-raterform surface irregu- However, the high density, of craters in regions such as
larities or crater ejet_a patterns are not the direct cause Deucalionis Regio and neighboring areas photo-
of the classical markings, graphed by Mariners 6 and 7 suggests that these areas

are quite primitive and may date back to the end of
The largt-st Martian Imsins, indicated on Fig. VIII-5, the accretion process. This conclusion is in accord with

have bright featureless floors where crater density is the previous analyses of Martian eratering, as discussed
anomalously low. This suggests either that t.t.,ebasins are in the first part of this seetiot,. The marked irregularity in
being filled in by blowing dust, or that such dust (of slope of the eratering curve for heavily eratered areas
light color) has formed a veneer over smooth, strati- at diameters about 5 to 50 km is a strong i.adiea_don that
graphically young lava deposits similar to those that filled many smaller craters have been obliterated, as lunar,
the largest lunar basins, cometary, and asteroid observational data indicate that the

initial diameter distributio'l of craters smaller than about

An examination of Martian crater densities on the 64 kin should be a power law forming a straight line
global scale, as revealed by Figs. Villa and VIII-5, with slope about -2 (Refs. VIII-11 and VIII-20).
SUffiCeS to construct a generaJlized stratigraphie column,
i.e., a relative chronology, which is shown in Table VIII-I. A significant new feature revealed by Mariner 9 is the
This part of this section describes this, and subsequent beha+ior of craters smaller than 4 km in diameter, as
parts indicate the degree to which absolute dates can be shown in Fig. VIII_. In both the heavily and sparsely
detemlined, and how the varying shape of the crater eratered regions, this curve displays the approximately
diameter distribution tan be used to interpret localized -9. slope characteristics of uneroded terrain, where no
geologic history, craters have been removed from the initially produced

1
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TableViii-1. l_'eliminary relativechronologybased on observedcrater densities

Time Event Observational data

_ecent Minor erosion and obliterahon at sub-hcctometer Dust storms, variable deposits, but lack o[ severe crate
sc',de (gz_-,ltel rate than lunar erosion) obliteration among hectometer-scale craters

(D < 100 m)

Episodic_ Flow channel [ormation( water flow?) Spar_t,ly _ratered. dendritic, sinuons flow channels

Continuing Cyclic deposition and destruction of prc-existin_ Sparsely cratered polar regions { latitude 75 ° with
procx_ss? rrlit f in po -larcaps layered stmctur-_,

Shield volcano formation Sparsely cratt.red shiekls near Tharsis and elsewhere

Subsidence and collapsing Fractured and partly destro.ved craters anmnd rim of
chaotic terrain

Extensive volcanism Fhm-s and large shield vok.anoes in sparsely erateredRelative provinces in and armmd Tharsis ,

chronolo_- Major lineament pattern radial to elevated Th.'trsisuncertain _Stressing and l_ t,nic fracturing
i region

|T:.msport and partial infilling of major basins. 5parsel) _.ratered, bright floors in depressed basins
e.g.. Hellas

-Modest erosion transport, deposition, and crater Evidence for partial ohliteration (by filling?) of
obliteration intermediate-size, old craters ( 10 km _. D < 60

km ); deficieno of kilometer-scale craters with
respet_ to Phohos

Extensive erosion Even most heavily cratered _rovintx-s are not quite
saturated with craters

Formation of large basins, e.g., Hellas Traces of ejecta blanket around Hellas

V__ryearly Heavy cratcring, accretion Most heavily cratered provinces nearly saturated

diameter distribution. Most of these craters -'a'e sharp I', is desirable to prepare a master diagram shox_ing

and bowl-shaped, as first discussed in detail b,/Murray crater density versus age fo= aE dated sltrfaces in the

et al. (Bd. VIII-18). These facts, together with the solar system. From this could be read the ages of Martian

evidence for heavy early erosion, indicate that the provinces on the basic of known crater densities. In

amount of erosion on Mars in the recent geologic past principle, such a diagram could be purely empirical

is less than in the distant past. While the average rate although, in the present stage of exploration, some

of erosion has shown a d_line, we cannot be sure that assumptions must be made about the mass distribution

the decline has been monotonic, as the existence of of impacting bodies and about time behavior of eratering

arroyo-like channels and stratified polar de;osits strongly in th,. past, as indicated by the following discussion.
suggests episodic variations in erosive rates superim-

posed on the general decline. While these qualitative

interpretations are summarized in Table VIII-l, we will Let D = crater diameter, T = crater retention age of -
surface for specified D, F = crater frequency for the same

next attempt a more quantitative interpretation.
specified D (also called crater density), and R = rate of

formation of craters/km _ for craters of the same specitied

F. AbsoluteDating:InterplanetaryCorrelations o. If the eratering rate, R, were constant

in Cratering Chronology
,: T = FIR
, In analyzing craters on the Martian sudace, we are

in the favorable situation of having already dated ¢ra-
tered comparison surfaces on two planets, and uneroded But we know from Apo//o and Luna analyses that R has

'_ _ sudaees near Mars on Phobns and Deimos. All these not been construe, Therefore, we assume only that the

:" _. sudaees, in di_erent regionsof the solar system,canbe time dependencyof the erateringrate,R(t),has been the
_- utilizedas controlsurf_es. Thequestionaddressedhere samefor all planets,i.e., normalizingto the Moon
_' is how best to utilize these data in orderto illuminate

i Martianchronology. R(t),_._,,/R(t)m.,=/_l.,, = constantforall time_t
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10-_ _iveu energy, but not as tile numl)er of im ,acts by par-
_TtAN C_TtRS tides of a givt,n mass. The difff'rence arises ' _:'a_.._c d,e

• HEAVlLYC_rE_D_OVlt<CES impact velocih" on diffe_eot planets differs because of
10-2 O SPARSELYCRATEREDP_OVINCES orbital an(l _ravitational eff_s..M_xta! impact velocities

for the .Mc_,, \lars, and Earth are listed I)y various
PHOeiC$ AN[:) DEIMOS

sourc(.'s as 14, 10, and 18 kin/see, re_lwctivel.v (see s;....
_E

le-3 , mary by Hartmann in Refs. VIII-8 and VIII-101. Accord-"-, in_ to energy scalint_ laws, crater diamtter is approx-

• (N_aa_,ATdP,ATION) imately proportional to (MV:)' "L _,:ere M = mete ,,'itc
,lo-4 , mass and V :: velocity. Hence. to match a bmar crater of

I • , ._iv(,n size requi,-,':; a terr(_trial impact !))"a meh'orite only" 0.6 v as mass_vc as that striking the Moo,, and a Martian

".__n': ,,' impact by a meteo:';te 2.",e as massive.
I LUNAR x

J ,, We will now attempt to define the relative .\lartia,i,

_ 1o-¢'j_ terrestrial, and lunar c.raterihg rates (i.e.. k value_) by%%

', normalizin_ to the Moon because the best crater statistics
- / , and related age data are lanar. Determination of k re-

m-71 quires determination of the space densi_" o_ meteoroids

at the plancta_, orbit, determination of _avitational :
cross-section effects, and determination of impact velocity

m-el _ ........... effects. In the ease of Earth and the Moon, the main dif-
o.s '1 _ 4 a _6 _z 64 _2a2_ 5_2_4 ferenee in k is caused by gravitational cross-section dif-

DIAN_TER,krn ferences, as pointed out by Mutcb (Ref. VIII-27), who
derives a terrestrial impact rate 2.15X as great as the

Fig VIII-6. Diameterdistributionsof craters (avera[[edfrom lunar rate for a given mass. Because terrestrial meteoritt_s
many Mariner 9 pictures) in heavily and sparselycratered
Martian provinces (defined in t_tt). For_omlmdson, the upper- strike at higher velocity, bodies only 0.6X as nlassive are
most curve (triangle) sho_s cmttn. _ observed on rtxluirtxl to cause a crater of the same size as a crater
Ptmbos ana I_imos. Maai_n craters smaller than g I_n am formed on the Moon. Hence, because of the meteoritic
deficient by one to two o¢_m of nmgnitu_ ml_ahmto I_olm_ mass distribution law for cumulat've number, N, and mass,

and I_imos, a fact indi_ttng ext_si_ Mirt_n _mterob.tera- M, N = M-°':, this corresponds to an increase by 1.4 in
tton _oc_ssu. cratering rate, giving 1.4 × 2.15, i.e,, a rate 3.0× higher

on Earth than on the Moon. However, this must be re-

Thus, k varies from planet to planet, but for any planet duced by several factors, such as the focusing effect cf
is time-independent. In terms of aoeretionary theory of tl'e Earth on the front face of the Moon and the size-

planet growth, this is equivalent to assuming that the dependent atmosphere breakup of weak meteoritic and
solar nebula cleared uniformly, although the density of cometary material in Earth's atmosphere. The_e factors
interplanetary debris depended on position, are discussed in more detail by Hartma,m in Ref. VIII-8.

It is thus concluded that the effective terrestrial crater

The crater retention age of a surface on any planet fommtion rate is about 2 Y higher than that on the Moon
should therefore be proportional to a quantity defined for the crater sizes considered here (1 to 100 kin).
here as adjusted crater density, F/k; that is

T = F/Re;..,_ = FIkR_. = FIk "t'o determine the eratering rate ratio, k, for Mars, we
must first investigate the meteoritic environment at Mars.

The objective of this discussion is thus to construct an Four sources of data serve to estimate the Mart;an
: empirical plot of adjusted crater density, Fe:,,,_/k, against me_'.eoritic environment: (1) The Ma.-iner 4 dust detector

age for dated surfaces, so that data from all planets will measured a micrometeorite flux (impacts m-= see-') in-
c:' fall on a single curve, which may then be used to date creasing away from Earth to a value of 4.5× that at
_ Martian surfaces, Emth, measured at the perihelion of Mars. Beyond
:_: perihelion, lower valu_ were recorded, suggesting that

:_ Cratering rate is defined here as the rate of formation Mars efficiently sweeps up material in orbit_ overlapped
of craters of a sp_-_'AtledD, or as the rate of impacts of by its own. The mass distribution recorded for small
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partich's lu.ar Mars orbit was similar to that near In the lunar areas cited, tilt. diameter distribution of
Earth (R,,¢ VIlI-2S_. I2) Dvcus (R_'t. VIII-29) has re- craters, and hence tile' crater density F. is well defined.

i

xiewed meteorite distribution in the solar system and and most ot tht. relevant crater _ounts ha_c bt.en pub- [_
concluded that the flux in undi',turbed spact. _'t Mars lished. However. in the Canadian Shield and cash,rn
aw.ra_t's 14>-"that at Earth's orbit, and at _1._ctop of the Uuited States. erosion effects arc imFortant, and a detailed
Martian atmosphere. 7× that at the top of Earth's discussion is in order.
atmosphere. (3) Data of Amlers and Arnohl (Ref. VIII-5). H

from a compute_ calculation of asteroid histories. Kive Diameter distrilmtions of craters ill Canada and in the

an asteroidal flux at Mars about 25× tile meteorite eastern United States" are plotted in Fig. VIII-7. The dis-

flux at Earth. (4) Data on known Mars-cr_,.sin_ asteroids tributions probably do not follow tile normal -2 power ,
and their lifetimes have been utilized by tile author, haw by cr_ters on well presert'ed surface_, as expected
alonK with data of Opik (Ref. VIII-30} and Dycus in view of the active erosion in the regicns considered.
(Ref. VIII-L29L to t_mpute Martian enviromnent fluxes The effective exposure ages of the two areas are esti-
for the largest impactin_ |_xlies. All tht_e data taken mated to be 1.1 and 0.3 aeons, respectively. In order
to_ether art" relatively consistent in agreeint_ on the fol- to measure the crater density in these eroded terrestrial
lowing statement: Tilt' partieles in Mars" orbit have the provinccs, from the scan b" statistical sample, we assume [
same mass distribution as that measured near Earth and the basic premises of Hartmann (Ref. VIII-20), to which
tile..Moon, hut have alxmt one order of magnitude hi_her th,' reader is referred. The result of that discussion is

mmdwr densit.v, with an uneertaint.v of about a factor that. at sufficiently large diameter, the original -2 power
of 3. Because these particles impact Mars at 10/14 the laa" will be followed, whereas below a certain diameter,
Sl_'ed that applied to impacts on the Moon. particles erosion will have affected tile distribution, and a more

1.,96× larger art" needed to form a crater of given size; gcnth'' less _,,,_ative) slope or a turnover x_411be observed.
hence, the cratering rate is diminished by 1.96-'"'. or 0.62. |'ndcr certai:_ idealized circumstances of extended ob-
Hem, e, tile' Martian cratering rate is 6.2× the hmar rate. literatioo by deposition, a -! power law is e:q)ected, but

a sharp episode of deposition would produce a sharp

Tile uncertaint.v of a factor of 3 in Martian flux im- cutoff. According to the 1971 discussion (Fig. VIII-21,
the smallest diameter crater retained since province for-mediately indicah_ that our absolute dates will have an

uncertain(.v at least this large. However, our current total mation in tt_e Canadian province (1.1 aeon) is about

ignorance of absolute Martian chronology makes the 128 km and in the U.S. province (0.3 aeon) is about 32 kin.
I _,bilit3"to discriminate even 19 r a_d 10-"year old surfaces Therefore, '_norder to deduce the cr_.ter density, from

useful. Fig. VIII-7, we have several use_l boundary conditions:

(1) Slopes of about -2 are expected above the diam-

in order to plot the desired diagram of adjusted crater eters mentioned.

density, D/K versus age, it is necessary, to summarize (2) Immediately below the diameters mentioned, aavailable data on dated cratered surfaces in the solar

system. Lunar data through Apollo 15, inch, ding Luna 16, more gentle slope is expecto:l.• !
have been analyzed ill detail by Hartmann (Ref. VIII-31). (3) Numbers of astroblemes known in the literature :
Astrobicmes on the Canadian Shield, which has an cx- are sufficiently large to give some confidence that i
posure age of about 1.3 aeons and is younger than the the intercepts (vertical positions) of these curves ;

lunar surface, were analyzed by Hartmann (Ref. VIII-32) can be located in Fig. VIII-1. 1

and Baldwin (Ref. V111-33). Fifteen astroblemes larger (4) Crater density (intercept) ia the Canadian Shield |
._ than D = 8 km were cataloged in an area of 3.7 X 10_km2. should be higher by a factor of 3.7 than that in the l

In order to extend our time scale, it is desirable to find a eastern United States because of its greater ex-

,_'_ eonsiderabiv, younger area that is cratered and well posureage.
i. studied; for this reason, certain eastern states in the

i United States, covered with Paleozoic and Cenozoic Figure Vlll-7 includes dashed curves that show the

sediments of exposure age about 0.3 aeon, were studied, interpreted North American crater dmsities based on
This updates an early analysis by Shoemaker et al. (Ref. the above considerations, The similarity of the data in
VIII-M). Ten astroblemes or erypto-volcanic structures the segments with -1 slopes indicates similar oblitera-

• of D > 4 km were cataloged in a ten-state area of 1.72 X tion rates, i.e., similar extended erosion effects, in the

10"kmL Canadian and U.S. provinces. .
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TERRESTRIAL CRATER POPULATIOtqSt di_cultv arises because, at l kill. erosive ('fleets are lar,.,(.
\ on Earth. and confusion with secondary craters and t,n-A t"ANAnIAN SHIELD

O 8 ,. N." -

o.6"---2o'___ "O.eASrt,NONITEOST,TESi at)g,,nic eratt.rs exists on the .Moon. If we, adol)t a eli,;t,,-
10-e / _, " , cter cutoff as large as 64 kin. which would avoid the I,

__ / ",'_ terrestrial erosion prol)h.m, we are limited to large an,as

"" ' / , /¢ ".'_.. , with const,quent low resolution of specific dated _eologic
// _ "\ provinces. Ch,arh'. some intermediate diameter is opt;-

. , . , \ , , mum and some extrapolation and interl)retation of crater
.x _ \ curves will be necessary, as was ext'mplified by the ::

_x
_ \ t'xtreme case of interpretation required in Fi-.. VII!-I. _.

z_,;o. 7 ,, \ I have prex iously adopted a conve,ation that seems to ,.
.t _ ' remain useful here. In<tead of defin;.ng crater density in
_, ._,r-/,',/\

,,_o-'g¢///_,"/ \\ ter,ns of actual cumulative numbers lwr kilometer at it
certain diameter cutoff, a relative crater density scah. is ,

z tt_ed, the average overall front-side lunar maria defined r

_. _ St _ _'_ _ as unity, as _his provides the best combination of crater

, statistics and age determination o[ any solar system sur-

_0-s , faoe. The maria present, incidentaUy, a cumulative crater
2 _ _ lk 3_ _ ;_s 256 densit.v of F = 2.0 X 10-' craters larger than 4 km/km:.

m_trtR, k,, Densities on other strati_raphic _,nii_ are determined by

Fill. VIII-7. Attempts to derive crater densities on the Canadle'l comparing the entire diameter distribution, with era-
Shield and in the eastem United States. Intervals containing no phasis given to tim E,ameter range from :2 to 64 km
craters Ire shown by downward pointing arrows at the bottom. (where statistics are _ood), with no weight given to diam-

The dashed ,nes are fitted to the date follOW;hi theoreticel eter ranges where the slope seriously departs from values

boundary conditions (described in text), between - 1.8 and -2.2 (a departure in all cases so far

studied believed to result from erosion processt_. ).

In order to compare crater densities on different plan-

etary surfaces, we must now adopt a convention for ex- Table VIII-2 shows the data we have assembh.d and

pressing crater density. This could be done. for example, allows a plot correlating ages and crater densities on

by using the cumulative number of eraters/km: larger various planets. Figure VIII-8 shows this plot. The

than a certain size; for example.. 84 km or 1 km. But a dashed line in Fig. VIII-8 shows that the data for the

TableVIII-2, Crater date for dated, surfaces

Crater density, D. _pplicable
Surface Age. aeons relative to lunar relative Adjustedcrater density,

material cratering
rate, k D Ik

Moon, Uplands 4.4? >32 (saturated) 1 32

Phobos, Deimos 4.2? >32 (saturated) 6 5.4
Apennine Front 4.1 "2.9 l 2.9

Fra Mauro 3.9 '2.5 1 2.5

Mare Tranquillitatis 3.6 1,6 I _.6

Mare Fecunditatis 3.45 0.6 I 0._

Palus Putredinis 3.3 0,35 I 0.35 ,

Oeeanus Proceilan_m 3.2 0.75 1 O.75
I

Canadian Shield 1.3 0.67 2 0.33

Eastern O.S. 0.3 0.13 v. 0.065

sFor saturated surfaces such as the lunar ,,_lands, Phobos, and Deimo_, there are no radloisotoplc dates, but the saturation with
craters and independent calculations of cratering rates during early accretion history suggest ages near that of the solar system.

• s

t
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32 ' ' _ ' _1 ,,ntform in an unpublished tlwsis l)y (3mpmau IRet.

] CRAtEREDSURFACEs i VI[I-35L

16 IN THESOLARSYSTEM The theoretical curves ill Fi- VIII-9 arc de:'elopcd as

_" P,"o follows: Flora tilt" previous paragraphs, wt, hart, a best
4 \ -j estimate of tilt' trater formation ratc on .Mars at present.

2 Ix( This is 6.2× the hmar rate. or 3.54 _10 '_ craters larger

\Xal than 4 km/km:/acon. Thus. curvcs .-L-Vand BB' in Fig.
1 \ VIII-9 can obviously be constructed to represent tilt" rmm-

...... ____._ bers of craters formed in 10" years and 10" years, respec- J"
ta 0.5 -- - 1,

---'------._. tivelv,, at the present craterintr, rate. Tilt' number of era- '¢ -_9
0.25 "-, ters formed in 4 × 10:' years (CC') i_ not _o easily plotted.

"'-, however, as tile early cratering rate is bclievt_'t to have ,
0.12 "', been nonuniform. Curve CC', therefore, is based on tilt. '

e',0.06 , - data in Fig. VIII-8 and lies at 9 × curvo BB' (_ 4× curve

't BB'). Curves AA', BB', and CC' all reflect cratering0.03 I • I I I = I I ', [
4.0 3.0 Lo 1.o o with no eros|o," whatsoever

ACe, o_ons Curve EE' represents the steady state of craters under
fig. VIII-8, Synthesis of solar system data on ege of crl_ered a constant rate of depositim_, about 10-' cm/yr in crater
dated surfaces on Earth and the Moon. PID marks assumed
age and measured crater density on Phobos and Deimo_ Age
is plotted versus "adjusted crater density" as defined in text. 10-I
Dashed line silows a fit assuming constant cra.'.er_lg rate;
before3 aeons, the crateringratewasmuchhigher.Estimated
ages of Martian surfaces ere read as discussed In text. 10.2

last 3 aeons art, compahole with a constant cratering '_E
rate, within a factor of 2; but before 3 aeons ago, the _- 10"3

eratering rate was much hiRher. This result has been _.

[ found previously by Opik (Ref. VIII-9), Hartmann (Refs.

VIII-10 and VII1-32), and Baldwin (Ref. VIII-33). The
constancy of the cratering rate in the last 3 aeons gives
added confidence that we can date young Martian fea-
tures, such as Nix Olympica, by direct scaling to known Z

cratering rates measured on Earth and the Moon, without
i-

much concern _'_r our assumption that the time behavior z
of change in cratering rate was the same for Mars, Earth,
and Moon. =u 10"_

Z

i0 "?
G. AbsoluteDating:Analysisof ErosionHistory

Figure VIII-9 shows an application of cratering theory"
to the raw data used in Fig. VIII.6. Several theoretical lo'al 0.5 I 2 4 8 16 32 64 128 256 512 1024
curves are given to indicate the predicted crater diameter
distribution at various times in the past, under conditions DIAMETER,km
hypothesized for Mars. These theoretical curves, to be Rg. VIII-9. RawCrehH'countsfor heavilycreteredandsp•mly
discossed below, a:e based on the crater obliteration ¢reto_l provinces on Maw (compareawreged rasults in Fig.

theory developed in various forms independently by Y|||aS), with theor_J| _¢ons as _ In text. Solid lime

Opik (Rd. VIII-0), Hanmann (Reh. VIII-8 and VIIl-_0), marked 10', lOS, 10', and 4 x lOU ]mars show crater densitiesexpected withno eroolonfor surfaces of the Indicatedages. The
and Chapman et al. (Ref. VIII-II). The speei6e theory iln• Eip Is • Ulooretical ruult balled on oroelon and depo_ltkm
applied here was first developed in essentially the pres. st a constantrate (m text).
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floors. This dcposition can be viewed as principally due 10_1i I , , , , _ - _ , T ' I _ ,
to windblown dust. as diseu-sed i:,x"H.ut,,,,ma in Ref. HEAVILYCRATEREDREGIONS
V! II-20. or as a cmnulative effect of various other erosion r

pro('esses of c(mstant effect averaged over long periods, m'2 li

t Deposition at other constant rates would have the same oX_t_ 6 _ 10sy,_Eslopes, but differcnt vertic:d intercepts. Deposition at non- I_
constant rates would have different slopes. Sudden cat- ":- m"s °'ll _.

astrophic deposition, e.t_., by lava inundation, would _ _1_ "
produce a near-vertical cutoff in craters. See works cited _

almve.} _ io-4

If the heavily cratered regions filled cun'e CXE', the _ • :
interpretation would be that these regions formed 4 aeons z.a 10-5

ago, have been eraterecl continually since, and have ex- z "
perieneed a constant erosion and deposition rate with _
10-' cm/vr accumulating in crater floors. However, the

• _ u 10-6
heavily cratered reKions ,lo not tit the segment XE', but z_ 3.s x 109yr/ _ '

rather have the additional complexity of bending nearly \
surface cratered with no erosion for about the last aeon. I0"7

It is concluded that: • • ,

(l) Theoldestpartsof.Marsrevealahistorythatbe- ,0-sL_, ,_ , , , , , , , , _ ,x_,x/
gins just after the aoeretion phase ceased. 0.5 I 2 4 8 16 32 64 128 256 512 1024

(2) The original accreted surface was largely destroyed DIAMETER,km

by earl)' intense erosion (effects of an early" dense FiE. Vlll-lO. Crater diarneler distribution in helvily ¢ratered
atmosphere?), accounting for the fact that the sur- regions fitted to two isochmns (3.5 lind 0.6 aeons) and show-
face is not now saturated, ing li flattened segment characteristic of del_sRion before 6

aeons ago.
(3) A long period ensued in which erosion occurred at

a relatively constant, intermediate rate. (Episodic
"fine structure" in this erosion cannot be excluded.) VIII-10) would fit a 8.5-aeon-old reg'on in which deposi-

tion in craters occurred at a rate of 10-_ cm/yr until
(4) During roughly the last aeon, the erosion and 0.8 aeon ago. Th _-fitted curve assumes that erosion was

deposition rate has been so nmch reduced from its negligible for the last 0.8 aeon. The curve fitted to the
former value that most kilometer-scale craters this sparsely cratered region describes an area that formed
young show negligible erosion effects. (by volcanic inundation?) 0.8 aeon ago. A marginal

"kink" in the curve between 2 and 4 km suggests some
In Ref, VIII-g0, the bowl-like morphology of kilometer- erosion (perhaps the end of the erosion indicated by

scale craters, noted by Murray et al. (Ref. VIII-18), was Fig. VIII-107) reduced to a negligible value by 0.25
treated as an unsolved puzzle. This is now accounted aeon ago.
for by the lack oE recent erosion. Indeed, it is now clear

that the sharp, bowl-like morphology and the complete Figures VIII-10 and VIII-11 contain data summarizing
: preservation of these craters retlected in the diameter the two dissimilar hemispheres of Mars. Their analysis,

distribution strongly necessitate the conclusion that ere- in the preceding paragraph, is believed to indicate in
sion on Mars recently has been much reduced from its first-order terms the erosional history of Mars. In detail,

_ former vahles, the history may be more complex. The essence of the con-

_' clusion supports an inference by Binder and Cruikshank

._ Figures VllI-10 and VIII-11 present the detailed (Bd. VIII-36) that a much more extensive atmosphere• curve fitting, based on the idealized, simple theory pre- was required in the past to create the limonite, or
::_' sented above, for the raw data applying to the heavily oxidized basalt, coloring Mars, and at the same time

_!' and sparsely cratered regions, respectively. The theoret- sheds light on the existence of arroyo-like channels. The
#': k:

_/; ical curve fitted to the heavily eratered provinces (Fig. implication is that a denser atmosphere and greater
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Fig. VIII.12. Crater diameter distribution observed on slopes of
Fig. V111-11.Crater diameter distribution in the sparsely era- Nix Olympica volcano with that from lunar made for compari-
t_red, volcanicregions fitted to isochronsfrom Fig. VIII-9. The son. Craters largerthan 8 km in diameter are primarily calderas
flattened segmentbetween3 and 2.5 x 10_years is of marginal near the summit. Solid line is an isochron corresponding to
sign;ficance, but serves to illustrate resolution in time scale, primary impact cratering for 1.3 x 10Syears.

humidity applied before 600 million years _go on Mars, on age. In the case of Nix Olympica (Fig. VIII-12),
and that only the *olcanic provinces, such as Tharsis, clearcut calderas of D > 16 km cluster near the summit,
exhibit surfaces contemporaneous with the post-Cambrian but the craters of D < 2 km on the slopes define a fairly
stratigraphic column on Earth. clear curve with slope equal to that expected for the

impacts. Thus, the low-diameter end is used to fit an
isoehron as shown in Fig. VIII-g, and this curve is found

H. Absolute Dating: Martian Shield Volcanoes tocorrespondto an ageabout 1 × 10Syears.A different ,,_

Figures VIII-12 through VIII-15 show attempts at technique is used for the volcanoes near Nodus Gordii
detailed analysis of specific Martian features, namely (F':g. VIII-13/ and Ascraeus Lacus (Fig. VIII-14). All
four of the widely publicized volcanoes with summit craters were counted, but then suspected impacts were ,'It

caldcras. These were chosen as probable representatives separated out by rim and interior morphology and 1
of the youngest constructional geologic features, whose plotted with a d:fferent symbol. The isochrons fitted were
dating would indicate the most recent volcanic activity weighted toward the data for impacts only. In Fig. _
of major extent on Mars. VIII-14, the additional measure was taken of counting

_. craters on the floor of the plain immediately in contact
" The principal problem here is the abundance of vol- with the base of the Ascraeus La_:u__hleld. It was found

canic pit and chain craters that lie on the flanks of the that the sum of all craters outnumbers the craters on the
_' large volcanoes. By counting all discernible craters (as plain, indicating once again that the shield has an

has been done in the preceding paragraphs, with the admixture o[ endogenic craters, since the shield is as-exception of the large obvious calderas such as Nix sumed to have a constructionalsurface younger than the

i Olympica), one would count many endogenic craters plain. The countsof probable impacts fit fairly well with
along with impacts and determine only an upper limit the counts of craters on the plain, which is believed to
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..-,.\Y _ _ _ PROBABLEIMPACTS _ _, SHIELDSLOPES(IMPACTONLY? J_

'" _4T_.--4M_' ONLY ', a SURROUNDING PL._IN

e_E _ _ O <6 CRATERS _E o _O_ (ALL CRATERS)

u
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_ • ,
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1o-5 P _°.fx

I_ i_ _ _i J i ! l I I I , I , I , I I _ I , I , I , I _ ; I , I_., l
0.5 1 2 4 8 16 32 64 0.5 1 2 4 16 32 64

DIAMETER,km DIAMETER,km

FiE. VII1-13. Crater diameter distribution for Nodus _ordii FiE. VII1-14. Crater diameter distribution on Ascraeus Lacus
volcano, with comparison to lunar maria. Solid line is an volcano with comparison to lunar maria. Soils line is an

isochron fitted to probable impact craters only and indicates pri- isochron fitted to probable iml;act craters and indicates Dri-
mary impact cratering for 2 x 10 _ yeerb, mary impact cratering fo: 1 × 10 _ years. Solid data points = 6

or more craters/diameter increment in each picture studied;
open circles, less than 6.

be relatively free of endogenie craters. For Pavonis Lacus
(Fig. VIII-15) the craters counted were, on most of the
pictures, not readily distinguishable into impact and non- layers. Original relief must have beta destroyed, as there
impact craters, but it was believed, on the basis of fault is no mechanism to prevent craters from forming at the
patterns, that some of the s'amller craters may associate poles. The fall-off in crater density is particularly sharp
with chains and clusters of endogenic craters. Thus, the between 80° and 81°S latitude.
drawn isochron is weighted toward the less abundant

larger craters (D > 2 km). Mariner6 and 7 results indicated a lower crater density
near the south pole than elsewhere (Ref. VIII-20), but

An upper limit oi age can be based on isoehrons it remains of interest to estimate the age of the youngest
drawn through the data for all craters, although it is regions as an indication of the youth of recent erosion
believed that the isochror.s in Figures VIII-12 through and deposition processes on Mars. The following para-
VIII-15 _re closer to the actual caldera ages. It is con- grapl,s present a prelimi_aary analysis of the extreme
eluded in this way that all four of the well known south polar region south of 81° latitude, based on the
volcanoes have surfaces treat formed less than 500 million data in Fig. VIII-16.
yearsago. Witl,in the _ncertainty o¢ the method, they all i

appear to have fo_,:..,;edabout 1(10million years ago. Because of the sparseness ofcratering and the small
size of the r._gion considered, the statistics on craters

I. Absolute Dating:South Pole are scanty. '_he few large craters present (D > 8 kin) :have been recorded on the USGS airbrush south polar i

It is evident from Mariner 9 pictures that, in the map; in addition, counts have been made on several j
extreme polar zones, craters have been obliterated and wide- and narrow-angle pictures of Mariner g and two I
replaced by topography con,posed of numerous stratified Mariner7 pictures. In view of the paucity of craters, it t '

t
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10-2 I ' _ ' I ' l ' I ' I ' I ' i ' i0-3_ I _\ I _ I _ t _ I , i , _ , _ ,
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PAVONISLACUS o C

\oe • - >_6CRATERS _]O\ o , G _ 6 CRATERS o <6 CRATERS t
0 < 6CRATERS z NO CRATERS

0 _E

10-3 _ 10-4

8°_E 0 _ v

i 1°-5
10-4

Z 6x 107 Z

Z

o i -

Z 10-6

10"5

k 0.25 0.5 1 2 4 8 16 32 64I . , I i l l_ i i ] I , I i i J
0.25 0.5 1 2 4 8 1o 32 64 DIAMETER,km

DIAMETER,km Fig. VII1-16. Diameter distribution of craters through extreme
south polar region (south of -81*). Isochrons of 10: and 10 _

Fig. V111-15. Diameter distribution of craters on Pavonis Lacus years are indicated, but these have steeper slopes than the
vo;cano. Solid line is an isochron indicating primary impact dashed I;ne which is fitted to the observed data. The data are
cratering for 8 x 10; years, interpre.ted to indicate deposition at a declining rate; 1-km

craters in the south polar zone appear to be less than 10 s years
o!d. "Z" indicates diameter increments with no craters counted

was believed helpful to indicate diameter increments on on each picture studied (see text for method of plotting).
Fig. VIII-16 where no craters were counted on some

pictures. These instances are represented as Z points
and are plotted in Fig. VIII-16 at a vertical position dashed line, of slope -1.6, is a better fit than the
corresponding to one-half crater. This w"s done up ,_o2 isoehron of --2 slope A curve of -1.6 slope does not
diameter increments beyond the largr_st observed crater fit the model of oblkeration by deposition at a constant
in a given picture =n_ ": "2_ty diameter incremepts rate (slope -1), which has been referred to and applied
bracketed by increments with craters. Only one picture above (e.g., Figs. VIII-9 and VIII-10). However, as
in this region yielded as many as six craters in a single pointed out by Chapman (Ref. VIII-85), a cu.'ve of slope
diameter interval. The counts at D > 1 km are regarded intermediate between -2 and -1 fits a situation with

as defining the upper limit of impact crater density in erosion/deposition declining at a constant rate. As it r
the polar zone, since I attempted to include all "_ossible does not appear that incompleteness in counts of small "

craters, it,eluding degraded examples, except for irre- craters can be sufficient to create the observed shallow

gular depressions in the "pitted terrain" (deflation slope, it is concluded that the slope is closer to -1.6
basins?). However, for D < 1 kin, it L_conceivable that than to --2.
incompleteness is more important than in Figs. VIII-12

i through VIII-15, as the polar pictures were taken at Considering the previous data on other regions of ]!
_: ranges usually exceedin_ 8000 km, while the volcanoes Mars, the most straightforward interpretation of the

were photographed frequently from less than 2000 kin. polar data is that erosion and/or deposition rates were
much greater in the past at the pole and in other parts

_" As seen in Fig. VIII.16, the data points from the of Mars than they are now. While these processes ter-

_i sparsely cratered pole cluster around the isochron for minated or declined abruptly in other parts of Mars

about 1 X 10s years. However, it can be seen that the about 6 X 10' years ago, they declined more slowly in
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the polar zone. Deposition in stratified layers, possihly I have attempted to !_,)bcvond tilt' relative clmmoleg.x
by trappintr, of dust ill seasonal and pe, ihclic dust storm t,_ establish absolute dates for some of the ew'nts men-

cycles, continues at a deereasiug rate today, and this tioned. The major source ot"uncertainty is in the rate .f
rate is hi,he: near the poles than on the volcanic shields impacts on Mars, resultin_ in an uncertainty of at h,ast [_
studicd here. Cr.ter retention a_Zes(lilt'times) at the south a factor of :3.Within these lilnits, it is believed that 01c

pole Ina3 he approximately :3_e 10" years for :3_-km oldest surfaces, such as that near Deucalionis Regio dis- l"
craters, and onh" 6 / 10: y,'ars for l-kin craters, play craters dating back :3 to 4 aeons ago (Fi_. VIII-IO). [i

but not back to planet formation, since the region i; not
saturated with large craters as is the lunar terrae. From _

J. SummaryandConclusions that time until about 6 × 10" )'ears a_o, erosion and

Earl.v analyses of cratering and other Martian surface deposition were much naore exteusive than they arc. now.
properties that indicated extensive ancient erosion have and an effective deposition rate in craters is estimated at
been strongly supported by Mariner 9 data. Positive 10-4 cm/yr applied during much of this period. It is
evidence of erosivc loss of Martian craters comes from sun, :_t,d that much dust accumulated during this period

f , 1 ,_ ,in the now near-,catm.',_s basins of Hellas anti Argyre.the much greater abundance of kilometer-scale craters
About 6 × 10" years ago. tt,e erosion rate declined quiteon Phobos and Deimos than on the .Martian surface
rapidly in most regions, but perhaps les_ rapidly in the

(Fig. VIII-6). Craters t:i various classes of complexity polar regions (Fig, VIII-16}. The sparsely crateredart, found on .Mars as well as on Earth and the Moon.

By their great variations in density, these craters indicate regions around Tharsis were resurfaced about ,'3>" 10"
" years ago by volcanic activity (Fig, VIII-11). which pro-

a history of *lartian erosion and crustal development duced the four major shield volcanoes about l X 1@
intermediate between Earth and the Moon. Approxi- years ago (Figs. VIII-12 through VIII-15). Deposition
mately one hemisphere of Mars reveals an ancient deeliped more slowly at the poles, addin_ to the stratifiedcratcred surface with craters in varying states 'E fresh- " "
ness. The diameter distribution does not match the initial deposits and causing the diameter distribution to have a

production curve, but approximates that predicted by diagnostic intermediate slope. Lifetimes of kilometer-
an idealized model of obliteration through deposition _eale craters near the pole may be as low as 6 X 107
of material in craters at a constant rate. In both hemis- years.

pheres, however, the small craters are sharp, bowl-
shaped, and match the shape of the initial production Therc is no strong evidence in the cratering data for
curve. This indicates strongly that, in the recent past, the episodic erosive events, Catastrophic episodes of erosion

can be ruled out, since they would produce characteristicerosion and deposition declined markedly, so that recent
craters have been preserved in nearly their original form. downward bends (positive slopes) or sharp cutoffs in the

diameter distribution, and these are not ¢;bserved. Minor

The volcanic region around Tharsis was fractured and erosion episodes such as discussed by McGill and Wise
resurfaced by lava flows near the time c,c. or more (Ref. VIII-21), possibly even associated with fluvial
recently than, the termination of the erosion. Craters in activity in the sinuous channels, are not precluded, as
this region are generally well preserved, and the shield some channels appear to cut sparsely cratered areas.

volcanoes near Nix Olympica, Nodus Gordii, Ascraeus However, it is suggested that this activity may be
Laeus, and Pavonis Lacus are among the youngest, large- remnant of even more extensive erosion activity in the
scale constructional features. The sparsely cratered area middle periods of Martian history. The cause and chro-
within 9 ° of the south pole has an age similar to that of nology of fluvial activity remains perhaps the most im-
the shield volcanoes, portant problem in the Martian studies.
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Note Addedin Proof
i

On_oin_ rt_.eareh and several c_rrt-spoudents have illuminatt_! certain areas of

this initial analysis of Mariner 9 cratering data. The most iml_rtant area relates"
to the rate of crater formation on Mars. George Wctherill h,,_ pointed out to the

author that available Mars-crossing asteroids are Imor indicatols of the present

cratering rate because of the unlikelihood of their actually hittinR Mars. Several
workers are now assessing new mechanisms for bringing asteroidal fragments into

orbits for potential Mars-coUision, but no definite t_timates of flux rate have yet
come from this work. Verne Oberbeek points out that gravitational field differ-

enet_s betw-_en Earth, Mars, and the Moon affect crater sizes, intro.lucing an
additional small correction to the cratcring rate estimattxl ht,rt. Tlw rt'sult is
that while the relative ages quottxl here for .Martian provintx.s and structure
are believed to be correct, work now in progress may soon make it possible to

improve the estimates of absolute age. There is some suggestion that absolute
ages of young features such as the large volcanoes c_uld increase by a factor of 2
or 3. The writer hopes to pursue these problems as new data emerge. He aLso

thanks George McGiil for additiolml comments which have resulted in a number

of improvements to the manuscript.
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(Material printtxl in ]ourmd o] Geophysical Research. Vol. 78, 1973)

IX. The Latitudinal Distribution of a Debris Mantle on
the Martian Surface*

t. A. Soderblom, T. 2. Kreidler, and Harold Masursky
U. S. Geolosical Survey, Flagstaff, Arizona 86001

The evidence of processes that erode and redistribute see Section XIV of this Report). These sedinwnts are
" massive amounts of material on Mars has been well dc,-:u- currently being eroded as indicated by craters on sub-

mented by pieiures from Mariners 4, 6, 7, and 9. Chaotic jacent terrains which are partially exposed along scarps.
terrain, first reeogq_izezl in Mariner 6 pictures by Sharp Tb,,s, a variety of major erosional and depositional
et al. (Fief. IX-l), has been shown by Mariner 9 to occupy processes have been operative on Mars throughout the
a significant fraction of the central and north-central geologic past. This section presents results of a planet-wide
parts of the planet (ReL IX-R; also see Seetio, VI of this survey of Mariner 9 high-resolution pictures designed to
Report). Murray ct al. (Ref. IX-3) noted the great _hori- determine the present distribution of erosional debris.
zontal redistribution of material" implied by the severe The resclts indicate that deposition and erosion of the
degradation of the large flat-floorod craters. MeCauley debris mantles at a given locale occurred in several stages.
(Ref. IX-4: also see Section X of this Report), CuRs and The present distribution of debris strongly correlates
Smith (fief. IX-5; see Section XI of this Report), CuRs with latitude, being symmetrically disposed about both {

(Re{. IX-6; see Section XV of this Report), and Sagan (Ref. polar regions. The results provide some insight as to the '.

IX-7; see Section XII of this Report) describe abundant sources and the nature of the proce_.ses involved in the
evid,,nce in the Mariner 9 photography for eolian ero- deposition and erosion of these mantling deposits, i
sional and depositional forms which are found from the i
poles to the equator. Milton (Ref. IX-8; also see Section !
III of this Report) discusses mammoth Martian channels A. O_kI_$
down whichgreat volumes of material were transported,
presumably by water, Mariner 7 pictures of the south The existence of mantling debris blankets was first
polar region discussed by Sharp et al. (Re[. IX-O) lkst recognized in photography of the polar regiom. Sur-

, showed a complex set of irregularly shaped, depressed rounding the sedimentary deposits in both polar regions,
| areas near 70"S latitude. Mariner 9 pictures have shown small craters (1 to 5 km), formed on older cmtered
i that these areas are the erosional remnants of a number terrain and plains, display a peculiar morphology (Refs,

of sedimentary blankets that have been deposited on lX-lO and lX-ll; also see Section XIV of this Report).
¢

! older terrains at both poles (Refs. IX.10 and IX-lh also devatedSharpca'aterasifrimStheareinteriorsVisible,hadbUtbeentheer,_t_partlyfloorsfilled.appearoften
,Publicationauthorizedby theDirector,U.S,GeologicalSurvey. the flU reaches the rim of the crater so that the crater
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rescmbh.sa circular,raistdpcdt.'stal,x]_ha nearh flat [_)seda|smtthenortha.alsouthpolarre_ion:,cxtendin,.,

top. Based on thest- observations a survey of 1,300 tuward the equator to about :_) or 40- north and south
. .!.ilarim'r .9 Ili.|ll_.)_i-d|l_lt []'tl]Ylt._ Xx';LS 'p.:_.de tc_ egtahligh latituth_. St,co,ld. the re'ruth, is not (a_rrelatt d with am

the plam't-x_ide distribution and variation of t|r_e specific regional _coloKic terrain tXl_t"(Ret. IX-12: also It
Ifl,mket_. l)urinR the search t|R. followinR definiti(ms of sec Sc(:tion II of this Rcp_,;t) and Rent,rally lies ouLsidc
,uanth.d tt,rraip, and unmanth.d terrain were estai)lished, the area of earh" re'._n,missance described bv .MtCauh'v ..
.Mantled terrain is char-icterized iw the presence of et al. in Ref. IX-i3. All varieties of .Mar:ian terrai_l.
small, sharp-rimmed ,.'raters (1 to 10 km in diameter)

which have (,h,vattxl floors. On unmanth :.1 terrain, tlw i

Figur(_ IX-I through IX-3 show examples of manthxl and " , , ._. _ __ "

unmanthxl terrain at southern, _luatorial. and northern _r ¥ -_'_. j_.ff_" " "

(,-: % ," •
latitud,_. In the htitude zone Imtween 40_N av.d the _" _. _';"
south poh'. the study was conducted with narrow-an_ie • : . ,

picturt_, acquir(_i during the standard mission _ter the ; ._ :
dust stonn had suhsidtxl (revolutions 100-262). The polar * _
hood was present (luring that period north of 40°N lati- !

tude. For i'ttitudes north of 40°N. narrow-angle Fictures ki°+ _,"/ l _'_ '

5_) were used. By that time the north polar hood had ' -

dissipated. '.... j_ " ,,I , [

An obvious question arises as to whether variations in * '" ' I _ f'
viewing conditions, slant range, transparency of the ., ,.
at,nosphere, or lo,,'-Iyi,:g hazes anti fogs might have (,_-, _'_"
affecttxl th._ aplx,aranee of the small craters. Figure IX-'3a _ ".'.dl ."" 51_ JiP_

shows a northern manth.d terrain in which lmth a sharp, ,_ "
frt_sh, unman(led crater and several sharp-rimmtxl craters
with ,,.,,.""_ ;,_t,,_;,--.... ,n Ix, seen. Bastxl on pictures like
these, the morphol;gicai differences are evidently real " _ _"_ ...... .mh=.mL
and are not creattxl by poor atmospheric visibility, c_ • "
ground hazes, poor resolution, or illumination conditions.

Figure IX-4 is an exalllple O_ the data acquired for one * _ "__._.:_'¢_"_"'-'--_,-_ -- - ,:

complete quadrangle in the survey. The distribution of _ ._'_: ,_,i' _ "

mantled versus un,nanth'd terrain is shown on the basis ,_ ._ _" ., ,_:_t,_l_

of examination of each narrow-angle picture within the _&__ ._.'o?"quadrangle. The central part of the sample quadrangle

shows a wide zone from about 40°S to 500S latitude in *-= -_?g'_'_'_- "_ :"i

which most (,.-two-thirds) of the identifications are un- " i'" :_,_ ._'_-

certain. For all but about one-fourth of the frames above ' ;. , " -

or absence of the mapped mdt can be made. The un-
certainty between 400S and 50._S probably arises from .f,_,._'_'7. :" l__' - i

gradual thinning of the mantle northward. Figure IX-5 _, '" : " ' , ; ,_,_,.__ _

shows a planet-wide map of the mantling deposits. Be. _ __., "*

cause of the uncertainties just mentioned, the boundaries ., ]_- _.
are gradational and the;r positions uncertain by several -_ " "
degrees. _ IX-l. Mantled_rrains in the MarUansouthernhomilphore.

TlmseM_ew 9 nanmHnllleIdctun_coax sum 80 km (la)
and 60 km (lb) wildeat Stunolovetlon_nll_ of 21" and 45%

Several importavt observations can be made from r_mcthatly. _ am annetat_ in Fig. IX-& (la)M_
Fig. IX-5. First, the mantles are symmetrically dis. 41_.17, Ix_ mh_4eM._. (lb) t_rvs 4202.115, Ix_ 077_11_.
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_'\clud,n,.' tilt" hi,.,hly localized, lar,.,e _olcanic constructs. ,l:xav tro,n thr ,'quator in cr_,_sin_ the _outlwrrl manth'd-
can hr found Ix_lh in,mth'd ,uld unmanth'd. Hence. the ,mmanth'd bot,ndarx _hown in Fi_. IX-5 ire[. IX-141.
•l,l_ris m,u'th' i_. '.,'u" ,,f th," ,,,,,t re_'rnt mat,'rial unit,; It xva_ als_ noticed in that ._tudv that lar_Zt'r cratcis (4 to

in the Martian _colo_ic st'ql.lt'llCt'. 10 km in diamet"rl and central ix.ak_ botil _raduail._
disappear ,mlthxv,,rd of :30 S and arc al,no_t ahst'llt .south

B. Comparison With Other Data ,,f 6(1 s. "hi_ su,z_csts that the mantles _radually th;.n
out equat,_rward bctw,'en 60:S and :30S. The manth.

Studi_._ of the. F,pulations of small craters dkplay dt'pth apl'arentlv xarit.s from the order of I00 m to 1 kin.
,imilar latitudinal correlations which can bc understood Fi,zurt.s !'_-1 and IX-:3 show that this dt,pth may be
in li,zht of the manth.s discuss,_! here. The density of highly variabh' locally, bt.in_ deeper in natural trap_
craters in the sizt. range of 600 to 12(10m Sails off sharply such as s:nall steep-walled craters.

Co)i _I_ _. (,,) •';% . _ ,..°

• • &, .

°.

".T ..-,.

,.( *

¢

_( Flil. IX.2. Unmantlodterrainsin the Martianequatorialzono.
%=_ Thosearewide-anglepicturescoverlnllareasabout45 kmwide Fill. IX-3. Mmntledterrainsin th.e northernhemlsph©m.These

undersolarelevationtoni[losof about40". Locationsaroshown framescoverarou about170 kmwidewith30° solarelevation
in FiE. IX-5. (2a) MTVS4287-12, DAS11443370. (2b) M._¢_ angles.Locationsam shownin Fii_ IX-5. (3a) MTV$42924,

_: 4163.68, GAS64622613. DAS11482194.(3b) MTVS4289-111, OAS11836026,
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" Discussion of Sources and Processes deposition. Craters with filled interiors appear as circular
buttes with floors above the level of the surrounding

As the mantling debris unit is symmetrically distrib- ternain; in many cases no central depression is observable.
uted around both poles and because these mantles It is ditficult to imagine a simple process that would fill
apparently thin out toward the equator, the seurce areas only the crater interiors• The entire region probably was
for these debris blankets probably are within the polar at one time mantled with a blanket of debris thick
regions. Two types of depositional or sedimentary de-

posits are found in both polar regions (Refs. IX-10 and enough to bury tl:e crate;s entirely• Subsequently erosion
IX-Ill also see Section XIV of this Report). These has removed most of the debris, leaving the materials
include: (1) near polar layered deposits on which the protected within crater interiors as relict outliers of the
perma,wnt ice caps have formed, and (2) older smooth formerly continuous blanket.
plains in which numerous pits and hollows have been
eroded. Figures IX-6a and IX-6b are wide-angle pictures "Ihe materials of the polar sediments must have been
that show the eroded appearance of the hvo deposits derived from elsewhere. Figure IX-6c shows an eroded
near the south pole. Erosion of the deposits has partly terrain in the unmantled equatorial zone which may
exposed the underlying cratered terrains, a process represent such a source. Cuffs (Ref. IX-15; also see Sec-
thought to be continuing, tion XVII of this Report) presents a similar conclusion.

McCauley (Ref. IX-4; see Section X of this Report)

These complex polar terrains are substanUally different considers much of the equatorial region as a zone of
in age, and separated by erosional unconformities. (Befs. deflation and presents evidence for the lowering of many

IX.IO and IX-11; also see Section XIV of this Report). less resistant plains surfaces by wind action. In contrast i
Thus, multiple stages are implied in the redistribution of to the polar units, which are sedimentary deposits, the
material on Mars. Materials must have been transported equatorial units being eroded are the ancient cratered

to, deposited in, and eroded from the polar regions in terrains and less densely cratered plains. Thus, the con-
:_ several cycles. Figures IX-la, IX-lb, IX-3a, and IX-3b cept of multiple stages in material deposition and redis-

; further support this concept of cycles of erosion and tribution even applies to the oldest Martian terrains. '
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Fig. IX-6. Possible source areas of mantling debris on Mars.
, '_'!__'llil_lllli_l_ _ll (Top) Etch-pitted plains of the south polar region shown here

'_- ,, _ '_ +7_, ";li; are being eroded along cliff-forming scarps. Area shown is

_:._ _1_;ii _ located near 70°S latitude, 0 ° longitude, and covers an

., qi area about 800 km wide. (MTVS 4188-6, DAS 07216758)
_ " _k , (Middle) Central polar layered deposits of the south polar

' "_ii.: _ _ _ relion shown here are being eroded, exposing the underlying
. _'" , i oMer cratered terrains, Area shown is about 800 km wide and

"_ ._" is located near 75"S, 170°W. (MTVS 4222-9, DAS 08367844)
4,- _- _ ' (Bottom) Erosional scarps along erstered pletns ifl the equa-

iIl_ill -_ "i. torlal region of Mars. These enormous erosional
%-i _lt - ' - be the source areas for the polar deposits. Area shownSYStemSisaboutmay :

_" 400 km wide, centered near 3"N latitude and 85" longitude. ,

._ ' (MTVS 4190"90, DAS 07327778) i

• I
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Because of tilt" stron_ symmetr.v of the debris mantles consistent with the transport of material out of the polar
around the poh's and tilt. patterns of erosion observed rc_ion.
today in tht" I)ol,ti l'c_iol_s, wc suggest that eolian trans-
portation has been the .,,-tire agent both in originally

depositint_ debris in the polar regions and in later trans- D. Summary
portin¢ it toward the equator. A possible mechanism for

originally depositing materials in tile polar regions is the A relatively .voun_ mantliu-_ deposit of debris sur-
condeosation of CO. ices on atmospheric dust particles rounds both polar regions and extends toward the
which art' brought to the surface during the annual equator to latitudes :30- to 40: north and south. This
t'eriods of polar CO.. frost deposition. During other mantle app,trently has been deriv_'d by wind erosion of

seasons tile polar deposits art, probably beinK ero(,ed sedimt,ntary deposits in tilt' polar re-_ions, a process that
by strong polar winds. Models of atmospheric circtdation is prol_abl.v continuin_ now. The distribution of the

(Ref. IX-16) show that the most violent .Martian surface mal,th, is not correlated with any particular terrain type
winds occur along tile periphery of the retreatin_ CO.. for it has masked tile small crat:,r populations on young
frost cover. Ahhough tile ,nodel winds have highly vari- and old terrains alike. The paucity of small fresh craters
able amplitude and direction, the net effect would be at hie;h latitudes can be directly attributed to the
to diffuse material and transport it oot of the polar presence of this debris blanket. It is clear that extreme
regions. A re_'nt study by Cutts (Ref. IX-6: also see care should be exercised in usin_ the populations of
Section XV of this Report) shows that erosional features, small craters to establish the chronolo_.v of th; evolution
wind deposits, and scoured areas occur in radial patterns of geologic provinces on Mars.
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X. Mariner 9 Evidencefor Wind Erosionin the Equatorial
and Mid-Latitude Regionsof Mars'

I

John F. McCauley

'i U,S. Geological Survey, Flagstaff, Arizona 86001
I

,_Jariner 9 revealed a wide variety of features that can the coverage of the planet was too limited. Until Mariner 9
be attributed to wind activity. Sagan et al. (Ref. X-1 ) deal the true scope of eolian regime on Mars was r,ot known,
with the problem of the light and dark markings which and it was by no means certain that the wind was a truly
are interpreted as surficial wind streaks consisting of significant surface-shaping process.
mobile salad. The role of the wind in producing lineations
and other landforms in the polar regions was described The main purpose of this section is to present the tele-
by Cutts (Ref. X-2; see Section XV of this Report) and vision evidence for extensive wind erosion principally in
by Sharp (Ref. X-3; see Section VI of this Report). Depo- the equatorial and mid-latitude regions of Mars (___65°
sitional features produced by the wind, such as dunes, latitude), and to compare these presumed erosional lea-

are the subject of a companion paper by Cutts and Smith tures with selected erosional landforms from the coastal
(Ref. X-4; see Section XI of this Report). desert of Peru known to be of eolian origin. The evidence

for widespread erosion on Mars prompted an examina-

Mariner 4 revealed that Martian craters are generally tion of certain aspects of its wind regime that are thought

softer and shallower appearing than those on the Moon. to be significant geologically, The intent of this examina-
These characteristics were ascribed with reservation by tion, given as a prelude to the pictorial data, is to assess
Sharp (Ref. X-5) to wind activi.ty. Mariners 6 and 7 the vigor and overall surface sculpturing capabili.ty of
showed that the floors of many craters and the large the Martian eolian regime.
circular depressions such as Hellas were the probable

,_ sites of deposition of windblown material (Ref. X-6) and A. The Martian Eolian Regime
i' that some of the dark markings might be caused by wind The Mariner 9 television data have confirmed indi-

,_ scouring (Ref. X-7). Other wind-related landforms were rectly, from the presence of a variety of wind-related
not identitled from these early flyby missions primarily features, that:
because the resolution of the pictures was too low and

" (I) An adequate sour_ of loose, sand.sized material _:-:..,i tPublication authorized by the Director, U.S. Geological Survey. must be present over much d the surface.
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,.2_ Winds ot sufficient velocity must occu:" at least vole;role deposits identified so far; a,.h deposits, posxiblx

t.pisodically in order to t.atlse this sand to move by because of their intrinsically nondistinctive _urface tcx-
s,_lt.ttirm. _o that it eau :dmuh" t!le surfaces over tures, have not vet been identified.
which it move_ coHcomitant u ith attritiop, of the

sand _rain_ tht.nlst.lves. Various aspects of the eolia_z regime on Mars have been
reviewed by Rvan IRef. X-13) Sa_an and Pollack tRef

.:3) Fint.-_rai._ed materials produced by sandhlasting X-l'.. and Arvidson {Refs. X-15 and X-16). but with

a_'e exported in suspension from zones of active emphasis on the problen: of vellou clouds. Usin,z methods
erosion and tral_ped at I,'ast temporarily as loess or devised by Ba,znoid {Ref. X-17). each has calculat'.'d ela-
uindblmvn dust deposits in the polar re_ions and trainment functions for difft rent assumed eonditions on

in local topoa_raphie depressions, the planet, the entrainment funet;on bein_ the relation
I)etwet'n threshold dra_ velocity and particle size. For

When considerin_ the wind regime on Mars. one sp','cial saltation to begin, the threshold drag velocity mu_t be
factor that 41ould be emphasized is the element of time. exceeded, after which some lower velocity ttl,e impact
On Mars intense uind erosic,n may have been _oin_ on velocity) is required to sustain movement within the
without significant intt,rruption for aeons. On Earth the saltation curtain Calculated .Martian entrainment func-
t,fft,cts of wind erosion are often masked or intimateh" tions show that a wide range of ,hreshold dra_ xelocitv
mix,.d with the effects of nmnin_ water because of dra- values exists for various latitudes and altitudes. All curves

matieallv var3.in_ climatic conditions that date from the are of the same general shape as that of Earth. indicatin_
Pleistocene. Blackwelder tR,'f. X-81 pointed out that al- that it is progressively more difficult to entrain particles
thou,_h some writer:; previou4y had overestimated the in both the coarser and finer size range. The minimum
effects of the wind in seulpturin_ the laudforms of the required velocity for Y,lars a_ppears to lie at about 200 t,m
southwestern United States. "it is dil_cult to avoid the in contrast to about 100 t,m for Earth (Fig. 9 of Ref. X-7-
conclusi,_n that in a comph,tel.v rainless descrt, wind also see Fig. XI-9 of this Report). The trough about the
would Iw the only earvin_ a_zeney at work, and hence no nlin;.naum velocity is much sharper for Mars. su_estin_
matter how much time might bo required, it would a more pronounced immunity from saltation transport in
_radually whittle away the land surface." those size ranges on either side of the minimum than is

the ease on Earth.

.Many writers have pointed to the impact pro-ess as
the most copious prol,able source of fine fragmental ma- The many estimates given in the literature of the actual
terial on Mars. Early in its history, a regolith like that wind velocities needed to initiate saltation should be con-

on the .Moon almost stuel.v developed with a similar size- sidercd only as g,'oss approximations because the bound-
frequency distribution1 and percentage of glass and lithic ary layer and fine-scale surface roughness conditions are
fra,zments (Ref. X-9). With the development of an atmo- poorly understood. These estimates are significant here
sphere and the onset of wind action, the initially high only insofar as they are involved in this assessment of

percentage of impact-generated ,_lass droplets and spheres the overall power or effectiveness of wind erosion lrro-
in the regolith should have diminished, and the percx,nt- cesses on Mars. Sagan and Pollack (Ref. X-14) estimate
age of more durable mineral and lithie fragments should that wind velocities in excess of 300 km/hr above the
have increased as a result of selective attrition of the glass, boundary layer on .Mars are required to initiate grain
Thus. an adequate source of durable, w,nd-reworked, movement for a surface pressure of 10 mb. Lateral re-
and fractionated loose material derived originally from locities of up to 100 km/hr he,re been reported from
an impact regolith surely must be present. Mariner 9 dis. telescopic observations of dust storms, and Mariner 9
covered several other possible sources of sand such as the television data iadicate probable later,_.lmovement of dust
numerous fluvial channels described by Milton (Ref. X-10; storms or clouds of up to 200 km/hr, Gust velocities of
see Section llI of this Report). The mass wasting of the two or three times these transverse velocities then do not
,nan)" unanticipated cliff faces as well as crater walls and seem unreasonable. Kuenan (Ref. X-18) has shown ex-

s the permafrost deterioration models proposed to account perimentally that eolian erosion on Earth is from 100 to i
for the chaotic terrain (Refs. X-8 and X-11; also see Sec- 1000 tim'es more effective than erosion taking place over

tion VI of this Report) should also supply some fine frag- comparable distances within water, an effect that is in

._ mental debris. Extensive volcanic activity. (Ref. X-12; see part a direct function of the greater kinetic energies in-
_,_ Section IV of this Report) also might have provided volvedin air transport. In eomparing the energies involved

abundant voleaniclastic material, but flows are the only in terrestrial and Martian saltation transport, we can '.
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_.,,tim,ttcl'rolllSa_an and P_)[laek(Ref..K.-I41thattll_' o, Earth',othatb(",elin_and uild_'_cutthl_,)icltli,,ol

thn'sh_dddra_xeloc.itvrequin.dfora'9(X)-t,m_rainll,i_ht _t]H,rpromhl('ncenatldII_'xvi_moxxhl_ ,txxax -l eh'l,lls

particlestobc ol thename"(h.nsitva,,lshape.Sa]tatin_ proc_.sstha_ m te]'r_'_triald_'_,'rt_.All _i th,'ab_:x_'
_rais,_ _m Mars _houhl th_,n h,t, t' lO times _r('at('r too- co_ls_d,,ration__u_.st collc(.tk(.]_ that wind t,_)si_)n_)_
II"'lltlllll ,I.11(l 10()[inl(", mor(, kill('tic (,11(,1"_ than saltati_:_ Mars is a tar mot(, mt_,n_,' _,olo_ic p_)c_'_ than o_
particles o_, Earth. Earth. a_d that it probal)l.x pr_.ccd_ ,tt sub_t,mtia]lx

tast_.r rates than ol)st.rv_,d cxcn in tlw m,)q ,)_ d. x_i_vt-

[_('t'dU',e most x_.iml abrasion takes place primarily by swept trrn'strial re_iol)';.

chippm_ and spallin_, th<' brittlcn,',s of the saltatin_

tr,tt_ments lwcom,'s a factor ot importance in comparin_ Little data an. axailabl(, on eolian pl_mation ratt's in
tlw txxo wind l'(._illws.._, also point,'d out bv Kuenan tcl'restrial (1_serts .s(, that it is pre,_,rtl 5 impossible to
(1",4..'x-l'_). tilt, l_ss of fragment mass as a result of calculate muanin_ful rates for .Mars. An attt'mpt, which
I" ,tth'ness is not prol:ortlonal to impact momentum, but on,its rn,mv important _eolo_ie considerations, has been
int'rcas t',, at a high ratio of tlw increase in momenium. :.,ade b_ Sa,._.an(R¢'f. X-19. also see S('ctio_: Nll of this

This observation leads to the conclusion that the rate of Report). The rate at which primary ]andlorms are sub-
fra_Zment ,dtrition should be ext'n fa_tcr on \lars than dued. material exported, and th,.' ori_i,ml surface lowered
on E,uth bt'eaus,.: Is highly variable and depends on a comph,x intcrplthv

(1) Relatively brittle mineral fragments such as feld- of factors in addition to those discussed previously.
soars and pyroxenes derived from the impact These other factors i'aclude: intermittent runnin_

water, variati(u,s in bedrock competence, xarim_s non-regolith are probal)ly more numerous than on
Earth. eolian cliff-sapping processes, _,l,tss xxasting in concert

with eolian undercutting, chemical and mechanical
(2) The m_;mentum of saltating _rains is about 10 weathering, the relative abtmdt;nce of moving sand. and

times grcatcr, diurnal and seasonal var:ations in the wind regime. The

(:31The fluid dt'nsitv of the atmosphere of M,-rs is effects of these factors vary from place to place within
about 10-' that of Earth. any desert and from one desert to another so that the

influence of each cannot be cva;uated even in a (lualita -

The iluid cushionin,,, efl'ect of tilt' atmesphere on Earth tivc sense. Nevertheless. u'ind is capable of removin_
is sufficient to produce a lower size limit of about 40 large vohmws of material from deserts as well as flood
to 50 ¢,m. below which sandblast action canaot occur, plains and glaciated re_ions to form loess blankets in
Particles of this sizc and smalh,r are cushioned from one regions of cahner air. The most _xtensive of these arc

another or diverted around obstacles without striking in the Yellow River basin of central China, where they

them. Thus, their capability to effect sandblasting is cover tens of thousands of square kilometers and are
uegligible. On Mars. atmospheric cushioning should be reported to be as much as ,300 m thick. Similar eolian
almost nonexistent, and thus should permit oartieles in deflation, transport, and deposition seem to have occurred
the very small size ranges once in motion to act as throughout much of the equatorial and mid-latitude
instruments of abrasion. The lower size cutoff for salta- regions of Mars. The magnitude of this process appears

ticn and conscquent sandblasting on M,".rs, combined to be highly variable, probably for the same reasons as

with the normally greater abundance of small particles on Earth.
f,_r any t_mminution regime, should together profoundly ,
influence Martian erosion rates. Telescopic evidence has long attested to the capability ,

of the atmosphere to transport dust-size fragments; the
Arvidson (Ref. X-16) has scaled the Bagnold relation planet-wide dust storm that obscured the surface of

that predicts the rate of sediment movement as a rune- Mars for the first 50 days of the Mariner 9 mission was
tion of fluid densities, drag velocities, and the accelera- dramatic confirmation that suspension transport is

tions of gravity and finds that, given suitably sized operative. Arvidson (Ref, X-15) has shown that the
material and sut_ciently high wind velocities, the salta- settling velocities for suspended particles are about the
tion flux on Mars might be on the order of 9.0 times same [or Earth and Mars, so that ttne material entrained

greater than that on Earth. In addition, Ryan (Ref. X-13) in the atmosphere can be b-ansported over comparably
estimated that the bulk of the grains in saltation on long distances. The early clearing of the dust storm o_ L.I_-:
Mars might reach heights three to four times higher than 1971 ha the south polar region and the presence of
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layered th,posit_ of probable eolian o,'i_in in the north pre_ailin_ _iml_ Mo_in,¢ coarse, to tim, _and blaukct_,
and s(,uth polar region_ sumac'st that much of the dust containin_ ripples or dunes of varied for,n, otto. ,smooth
derived tro.n t}w equatorial zo._" prLf_rtntially sctth,_ m_;r_, ru_.d non-wind-related landfm,n,s rall,er than
and aeemaulatcs at least temporaril_ in these re_ions nlakin_ them more ru',r_¢t'(_ ,ts is otten erroncov_slx
(Ref. X-a0. also see Section 1X of this Report). The a_sunled.
separation of fragmental debris into deposits of fine-
t_rained dust (loesst and coarser sand which remain Seven _em'ral categories of probcbh, x_wd erosion
behind to produce further erosion is prohablv a more ft'a_,Ul'e, are now recognized on .Mars: I1)modified crater
significant geologic process on .Mar, than on Earth. If rim,;, (:2) irrc_nlar pits and hollow,s. t:3_ streamlined
suspension transport, coupled v, lth an export and tern- ri(ta,es, (4) linear grooves. (5) fluted cliffs. (61 reticulate
porar.v storage mechanism, were not operative, th" entire -idges, and (7) subdued and sand-manth,d tvrrain None
surface would become choked and mantled by win',!- of tht-se landforms is primal3" ill tilt' ,sense that it is
blown debris, and the process of wind erosion would created solely by tl,e wind..-ks with terrestrial eolian
essentially cease, erosion features, they art' modifications of earlier ,lel;asit,s

resulting from other processes.

B. Mariner g TelevisionEvidence C-ater,,; are the most ubiquitous single landform on
for Wind Erosion Mars and are generally more degraded than lunar craters

Wind erosion features on Mars are generally reeogniz- of comparable size. Most of these round, randomly dis-
tributed craters are believed to be of impact origin, so

able only in the narrow-angle pietu_os and then with that before inodification the)' probably looked mucli like
difficult.', because each picture covers such a small _rea, the fres'aest lunar craters such as Tveho or Aristarchus.
thereby making it hard to establish the regional context

Only a few Martian craters really appear fresh such as
of indMdual features. On pictures of comparable resolu- tilt, one shown by Cutts md Smith (Ref. X-4: also see
tion on Earth (200 to 800 m for the _mallest detectable

Fig. XI-6a of this Report) and the 2-kin crater near
object), windforms would be difficult to detect. Many 37.0°N and 344.2°W (MTVS 4210-66. DAS 07975423)':
of the narrow-angle pictures taken before about xevolu- which also exhibits a well pres_ rved ray system. Early in
tion 140 in the region from 65°S latitude up to about Mars history, crater modification by ballistic erosion
the equator are either featureless or streaked and hazy, acco!npanied by seismic shaking and local volcanic
suggesting that blowing sand or suspended dust obscured
the surface. Evid"nce for ,rind erosion i_ nevertheless blanketing must have occurred much like on the Moon.

Subsequent to the evolution of an atmosphere, wind be-
widespread, but only a very linlited array of the more came an additional and important tactor in the crater
illustrative examples can be shown here. A full classifi- modification process, thereby accounting in part for the
cation of the types of landforms produced by the wind distinctive appearance of most Martian craters.and the extent of eolian modification of the various

geologic units ctescribed by McCaaley et al, (Ref. X-11_
At least three basic types of crater or crater rim modi

and Carr et al. (Ref. X-/I; also see Section 1I of this
flcation can be attributed to wind erosion. Figure X-la

Report) will have to await more detailed studies.
shows a 20-kin assumed impact crater near 38°N, 261°W,

Landforms produced by confined channel flowage are with a sharp rim crest and a pronounced central peak,
generally characterized by sinuous patterns so that the but encompassed by a rim unlike that around any crater
pictorial signature of a water-eroded surface is almost on the Moon. This unusual rim is recognizable out to
unmistakable given sufficient photographic resolution, about one crater diameter and is bounded by a subdued
In semi.arid tG arid regions on Earth, the episodic effects scarp. A smooth depression zone, apparently a ring syn-

dine, is present close to the rim crest beyond which
of running _ater it, concert with mass wasting tend to sharp, stra._ght radial fradures are present along wtth
produce rugged landforms characterized by many slopes discontinuous roughly concentric lineaments that lo, '.vnear the angle of repose or steeper. In those few regions
on Earth where running water has played a sufficiently resemble graben. This structural pattern is similar to that
subordinant role, and where wind has been the dominant commonly observed in the bedrock beneath the ejeeta

agent ot erosion for a sufficient length of time, eolian
landforms are characterized by linear bedrock scouring, '-'Numbersin parenthesesin text refer to Mariner 9 pictures notincluded in this section, hut which provide additional explanatory
cliff fluting, and, in advanced states of erosion, by pro- material. All Mar;her9 pictures may be ordered from the National
nounced streamlining parallel to the direction of the Space ScienceData ¢'*,nter,Code 601, Greenbelt, Maryland20771.
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blankets of some terreslrial impact craters such as Flynn more resistant to erosion than the disaggregated, intensely

Creek. Tem,essee, as well as e._pc,rimer_tal explosion era- fractured, ejee.ta of the original blanket. The surrmmding

ters (Bef. X-'_-?'_kSimilar ,tppearing structaral patterns plain is lower than the crater rim; conceivably the coarse

have not been described around _'olcanic craters. The rubble of the ejecta blanket could have acted as a defla-

fragmental ejecta blanket, that is inferred to have orig- ',ion armor, thus temporarily protecting the pre-crater
inallv surrounded this c_'ter appears to be eroded to bedrock from erosion to the same level as the surrounding

sufficient depth to partly or completely expose the sub- ejecta-frec terrain.

ejec.'a be,4rock structures never s_sible around lunar cra-
ters. The presence of a shar F rim crest on th_s crater and Many Martian craters are surrounded by single or

succeeding examples is not inconsistent _s_th extensive multiple crenulated ramparts at a distance of about one-
wind erosion, the sensitiHt_" of the _nd to slight resis- halt to one crater diameter. Figure X-lb shows t_vo cra-

tance discontinuities being well established. The rim crest ters near 6.5°N, 285°W, the largest of which is about

here is interpreted to represent the steeply upturned bed- 8 km in diameter. Craters of this type are fairly common

rock beneath the ejeeta; this bedrock should be reiati:,ely throughout the equatorial region, particularly on those
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m_h,ratt'ly crater_ :1 plains that exhibit sinuot:s lunar-like an_,le camera picture (MTVS 4Z5-1-56. DAS 00481790)
mare rid,,,es I lh'f. X-I l). Craters of this type art" rare in at 5.0N and 151.5:W. These fe,Lturcs are described in

the nu_rc eo,nph'x ifi_hly erat,'rotl terrain. If "_hese art, more detail by Cutts and Smith eRr4. X-4: st_e Fi_. XI-S ;_
indt'_l impact cratt.rs, the unu_uai form of their ,i,. de- of t!:;.s R,..p,wti who c_mpare them to similar recent
posits also mi,,'ht be explaiatxl b_ wind ero. ion. Two depressions in tlw Coachella Valley. ,war Pahn Sprin_s.

ejt.cta faeit.'s are generally reco,.:nized _:round frt-sh lunar California.
impact crater_: a rough inner rim facies, an.! an outer
radial faci_ that _ra_lc_ at al_mi one cr;qer diameter into Three prominent 5-kin craters, without apparent rim ..

chains, loops. ,,nd el_ts of sec_mdary craters tRef. X-g3). deposits but with sharp rim crests, are seen in Fig. X-ld.
Th_.-se f,:ci_,s and their c_ntaets with the surroundin_ hx.at,_l near :35-'S, :302°W..-x._so shown-_re plains c_)n-

plain t_mld represent wind resistance discontinuities, ahd taining numerous flow fr9nts anti linear ridges with
tir.relsy ert_l'." ;d different ratts thaL their surroundings, lobate flanks. Plains of this type are :4enerally interpreted

They th_ not aptmar to be eroded to su_cient depth to to be of volcanic origin and probably t_nsist of a ,
e'qmse the pre-crater I_xlrock as _, ,tssumt.q for the crater sequence of flows and fissure eruptions as on the Moon. _t"
dt.,scrii_t_l in Fi_. X-la. The surface of these flows, unlike their lunar counter-

parts, appears to Ix" eroded into numerous irregula_ l
The craters shown in Fi_. X-lc near 4.5_N. 152°W. knobs ,,, residual nubbins lying within larger, ve_

reprt_ent yet another type of erosion and are also in,lica- irrcgular depressions. Numerous t.lon_ate _ou_e-like
tire of the extent of deflation and lowering of certain features occur in the upper fight of the picture and
plains surfaet."s on Mars. Here many small craters about appear to ix" seeondar: impact craters unrc',,,t,_. ,o the
1 km in diameter art' located on raist_ pedestals that are other depressions and knob_. The textural p ittern oh-
encompassed by relatively steep, serrated scarps lying serx'ed on these lunar-like plains is dissimilar _c the
at a distance of about two crater diamders. The craters original surfaces of flows on either the Moon or Earth,

are too small to show discernible rim textures, but depo- and is interpreted as a seconda_" erosional imprint.
sition of t_ntinuous to thin and discontinuous ejeeta lXlssibb ' due to wind abrasion and sel, ctive winnowing
commonly ooeurs out to several diameters from a primar2," ol_ less resistant zones within the flows. If these are fine-
impact crater. As in th,_, previous examples, the ejeeta .' dned volcanic rocks, Martian wind erosion most IX
blankets appear to have acted as a surface armor or lag alficientl.v vigorous or the exposure time so long that
surface which has temporarily protected the underlying rocks which terrestrially tend to be ve_" resistant to
materials from deflation. The plains surrounding the ram- .olian erosion have been extensively degraded.
parts at the edge of the assumed ejecta blankets are
inferred to have been lowered bs at least the height of Parts of the aureole of structured terrain surrounding

the scarps since these craters fonntxl. Preliminary wind Nix Olympica (Rd. X-12; also see Section IV of this

tunnel experinaents by Ronald Greeley at Ames Research Report) show what appears to Ix. wind-produced stream-
Center have simulated this temporary armoring effect, lining (Fig. X-2a). These elongated ridges are 10 to 15
Alternatively, these craters might be volcanie in origin km long and 3 to 5 hn wide and exhibit a pronounced

and be surrounded by flows; in this ca',e the saint process alignment that is parallel to numerous fine sudaee
wotdd be operative, but with much of the relief on the. grooves. Irregular to elongate pits, on the order of 1 km
serrated scarps primary rather than secondary. The de- or smaller in size, are present between the ridges and
gree of lowe-ing of the surrounding plains would, there, are interpreted as small deflation hollows. The crests
fore, be less than for impact craters, of most of these ridges are sharp and keel-like in appear-

ante, and the ends of the ridges are sharply tapered, j
Most craters on Mars are not surrounded by scarps Whatever the origin of this terrain, its present mor-

and m_xstalso lack distinctive rim deposits, suggesting in phology is strongly suggestive of extensive wind modi-
these cases that erosion has proceeded at a uniform rate flcation. On _Earth,similar-appearing streamlined residual

: both on the plains and craters. Where elevation discon- knobs produced by wind erosion are called "yardangs _

_. tinuities are present, it can be inferred that the surround- (Bef. X-8; for examples from the coastal desert of South
, ing terrain is more susceptible to erosion than the America see Fig. X-4b). Another variant of streamlined

_. encompassing ejeeta blanket and comequently comists terrain lies in a moderately cratered part of the Aeolis
_ of weakly consolidated materials. Further, evidence that region (Fig. X-2b). Here the relief is more subdued,
_: parts of the plaim are composed of wt_aldy cohesive ma. and the erosion effects are more subtle. This erosion
-: terials is seen in the crescent-shaped hollows of a narrow- sudace is characterized by closely spaced, sharp-crested '
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I

ridges"separated by smooth troughs that grade into low, found on some thoroughly deflated, _._arselyfragmental
tapering, w_xtge-shaped mesas that appear to be relicts terrestrial desert surfac_-s.
of originally more extensive strata• Tile 4-kin crater with
a sharp rim crest near the lower center shows a faint Wind erosion ,,fleets on a stratified plateau in southern
rampart like those described previously. This crater must 7x_phyriaare illustrated m Fig. X-2d, which measures
be either more resistant to wind erosion fl_an the scoured about 40 km in width. The front of the plateau to the
terrair, around it or be ymmger than most of the inferred east shows a complex fluted,patten, that grades westward
denudation. Parts of the plains of southern Amazonis ex- into a series of elongate residual knobs, probably
hibit what appear to be wind scour features. Figure yardangs but very n,uch smaller than those in Fig. X-_.
X-O.e,which is about 80 kln across, shows an array of This pattern is similar to that seon along the edges ot
sub-parallel ridges and grooves that are interpreted to some of the laminated terrain in the polar regions (Rd.
be selectively etched, closely spaced bedrock fractures. X-2). Cliff retreat appears to be in a more advanced 2.

However, as will be seen later, some or most of the state here because of the deeper fluting of the edges of
linearity in this picture could be due to the presence the scarps and the development of small yardangs and re- i_
of trains of sub-resolution granule tipples of the type sidual nubbins. Figure X_A, although near S0°S, (gl.5°W,
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and outside the area of main oJncern, is included IX'- ' cation, although the relative competence of the rocks
cause it illustrates yet another important effect of wind ,I the high and low regions must also Ix' a factor.

erosi_,, i. the ri_zht centcr of the picture is an unusual [_

an,t c_mplex arra._ of li,c,,, i,tcr_o,ntctcd reticu!ate The liglfl and ddrk streaks described by Sagan eta!.
ridgt's, approximatcly 15 by 50 km in extent. The ridges (Ref. X-24) indicate that wind erosion is still occurring
are continuous, show no breaching, and stand out among on Mars..Many of the light streaks, particularly those ""

the surroandintr, plains and small hills like walls of an of the Syrtis Major region, are similar in appearance to
ancient ruin. The origin of the reticulate pattern is prob- terrestrial sand sheets that are typically lighter than the ..

lematic; igneous or elastic dikes are a possibility, but not deflated desert pavement over which they move. The
an exclusive explauation. Whatever the genesis of the large and slower-movin_ sand sheets, such as those in
pattern, the present morphology can best Ix" explained Pert:, vary in magnitude from c_mplex dune arrays up
by selectix ,' wind scouring. The materials of the reticulate to 20 or :30 m thick, several hundred meters in width,

, ridges must be more co,npetent than those betweeu and and kilometers ,.'n length: their appearance in low- I
beycnd so that they have heep etched out of the sur- resolution vertical photography is shown in Fig. X-8c. t.
rounding strata to now stand out in bold relief. They usually consist of a complex array of coalescing

barchans, transverse and lee dunes that rise and fall [

The previous four examples of wind erosion features over the local topography as seen in the oblique photo-
are characterized n,ostly by linear patterns and are graph in Fig. X-_d. The dark, granular, ripple-marked

surface over which these sheets often move is shown,
located, for the most pa,;., within plains areas that appear
almost featureless at wide-angle camera resolutio:ts. The along with a small 8-m barchan detached from the main
cratered terrain also exhib_:s the probable imprint of sheet, in Fig. X-:3e. Some terrestrial sand sheets, on the
wind action, but of a different type. Figure X-,.qbshows other hand, r,roduce strong local albedo contrast, but
softened, mantled terrain on the north flank of the are so thin that they do not obscure underlying topog-

Argyre basin. Much of the cratered terrain within the raphy (Fig. X-tD. These sheets are faster moving and
equatorial region of Mars is of similar appearance and often change in shape on a diurnal basis.

- !s texturally far more subdued than lunar terrain of
comparable geologic setting. Within the cratered terrain, Although both types are actually depositional features,
an abundance of mobile sand winnowed from a thick they are an integral part of the eolian regime because
impact regolith is to be expected. This sand may form, they ablate the surfaces that they move over and around.
as in some terrestrial deserts, a slow-moving mobile Attrition of the saltating grains also occurs in concert
blanket that partly or completely buries original topog- with their aggregate movement until the grains reach a
raphy to vao, ing depths. Much of the softness and non- size small enough to be carried away in suspension, a
lunar appearance of the cratered regions can be explained factor essential for perpetuation of the eolian erosion
by the presence of such a blanket produced by eolian process.
interaction with the ancient impact regolith.

C. SelectedTerrestrialLandformsProduced
The foregoing examples are of necessity only a small

sample of the array of wind erosion features recognized by Wind Erosion
in the narrow-angle pictures. Preliminary screening of Parts of the coastal desert of Peru, particularly the ten- i
all available narrow-angle frames revealed at least 100 tral region from the Paracas Peninsula to the mouth of
in which probable wind erosion forms are present. 1he the Rio lea, have been free from the effec ; of running |
overall abundance and regional distribution of the wind- water since at least the late Pleistocene time. This part
forms described cannot be determined because of the oc the desert, like most of the coastal region of Peru, is

paucity of narrow-angle camera coverage of the planet, undergoing rapid teetnnie uplift. Many of the recently
Windforms seem to be more common, however, in the exposed beaches and marine abrasion platforms have

" plains areas which, from preliminary heighting data, never experienced significant fluvial erosion in contrast

: appear to be low, They are not evident on topographic to the surface of most other terrestrial deserts that have
highs such as the Tharsis ridge. This tentative observa- undergone several climatic cycles since the Pleistocene
tion .is consistent with the calculations by Sagan and or that experience spasmodic heavy rainfall. Winds of

;_ Pollack (Bef. X-14), which show that the entrainment R0 to 30 km/hr blow each afternoon with great constancy
_ function is quite sensitive to differences in pressure with of velocity and directional pattern. Vegetation is virtually
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abscnt, and an ample supply of relatively inunature sand rived by winnowin_ and eddying front these relatively
kK'allv containin_ an unusu,dly hitfll perce..tage of lithic coarse metastabk defla_on surfaces. Figure X-5a is :_
and mineral fra-_nwnts is p,'st,nt. The sand is derived vertical v:ew of the samc region. 8 km in width, oriented
from recently rmst,d beacht.'s a,d i,i,irilit" abra_ima plat- with west at the top Tht..x airlines seen in Fig. X-4b are
forms, althoimh exotic streams from the high Andes also at the exttt,me ri-_ht of the photograph. The Bio lca.
contribute nmch quartz sand to the total ._upply. Numer- an exotic stream with its source in the high Andes. flows
ous sea qacks in a wide size spectrmn alont_, with abun- from the upper right to lower left: the prevailing wind
dant fault scarps provide the first-order landforms that dircctiml is from left to right across the photograph. The
art. undergoing attack by the wind. The almost unique dark. complexly faulttd crystalline rocks that here under-

character of this d,'sert and its potential as a source of lit. the streandined remnants of the light Pisco Fommtion
insights into Martian eolian pro,.t'sses led to a geomorphic can be seen in the upper part of the photograph. They
reomnaissance of coastal Peru in October 1971, just be- have been smoothed, selectively etched along fractures.
fort. the Marirwr 9 encounter. The work was sponsored and pmtly blanketed by coarse sand, but not sculptured

by NASA and carried out as a joint effort between the into yardangs because of their greater competence. The
U.S. Geological Survey and tile various Peruvian agenci_ broad light and dark streaks in the lower right of the
listed in the Acknowledgments. A report summarizing photograph art' parallel to the prevailing winds: the light

the preliminary results of the stud)" from which most of streaks probably are ephemeral thin blankets of loose
these data have bccn derivtxl was rceently prepared by sand derived from the yardangs upwind, and the dark
Grolier t't al. (Ref. X-'25L streaks art. ripple-marked pavement over which these

sheets move.

The most imprt-ssi:'e products of wind erosion in Pert:
are the streamlint_,l, wind-bc','cled hills or yardangs that The yardangs of coastal Peru are pure eolian features;
range from tens of meters to several kilometers in length, no running water has been im,olved in their formation.
Their appearance irom the air is like that of a fleet of Mechanical and chemical disintegration of the original
inverted ships of various sizes and shapes, In the hack- stxliments, sandblasting by siltation, and the consequent
ground of Fig. X-4a an array of thes: • unusual features, selective winnowing of zones Gf weakness within these

, located just west of the Rio Ica near Cerros Las Tres rocks are sufilcient to explain their development. They
Piramides, can he seen. They are formed in evenly compare closely in form and approximately in scale to the
lwdded, loosel) consolidated, Tertiary sediments that probable Martian erosion features depicted in Figs. X-2a
probably lie tmconformably on the non-guillied, wind- and X-2b, although those in Fig. X-2a appear to have
stripped, gently deformed sediments in the background, much sharper crests and are generally larger.
The largest of the triple hills near the center background
of tile photograph is 1.0 km in length, Two steep-walled, Another of the man), varied reactions of l.thogieally
fiat-floored deflation hollows, the more circular of which complex surfaces to essentially tke same wind conditions

is 0.5 km across, are present in the left foreground. Figure is seen in Fig. X-Sb, the width t,f which is about 4 km
X-4b illnstrates the same type feature in a more advanced and is located in the Pampa Leehuza near the middle of
stage of wind beveling and streamlining, These yardangs, the Paraeas Peninsula, Peru. The soft-apI_ ing hills in
located about 17 km north-northwest of the mouth of the the background are wind-modifi_ and s_a .I-blanketed
Rio lea. have been ea_a,ed into the somewhat more mas- sea staeks now about 200 m abov, sea level, rhey eomist
sive siltstones of :he Pisco Formation, also of Tertiary age. of faulted Paleozoic and pre-Cambrian crystalline rocks.
The largest of these ridges with the cen.'Tal groove along In the foreground and upper right, a sequenct of weak
its crest is 0.5 km in length. Note their pronounced aero- Tertiary sediments of the Paracas Formation dip gently
dynamic shape and the linear light and the dark, gen- to the left and have been beveled into a fiat stack :Jr taper-
erally parallel streaks that surround each ridge. The ing plates closely resembling those previously shown
transverse spacing of these streaks here is on _e order in Fig, X-2b, and the relicts of the so-called laminated

_ t,f several meters..They are trains of granule ripples x_Jth terrain in the polar regions by Murray et al. (Fig. 7 of
aligned clests that contain coarser darker material on the Bef. X-28). Note the prominent ripple trains on the flat

£ gentle _Sndward slope of each ripple (Ref. X-P.O).Eolian parts of the Pampa that indicate the prevailing wind
,_ bedforms such as ripples and dunes can be distinguished direction, which is from top to bottom in the photograph.

i on the basis of grain size and wavelength as described The tapered edges of the beveled sediments are askew
by Wilson (Ref. X-27L The sand that is the chief seulp, to this direction in contrast to the yardangs discussed
turing agent of the yardangs is continuously being de- earlier and the streamlined remnant at the extreme right " '

f .
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of the picturt'. This discordance is prol)ab!y tilt, result center of tilt' photograph, one of the few traces of erosion
of h)c.,d tilt of these beds, with the tapered edges at tilt, by numin_ water in this entire retdon. This terrain re-

lower right of the .stack parallel to the strike direction of semlJIcs that sht;wn in Fig. X-3h: although the pr'hnary
tht. b_.ds. The transverse spaein_ of the ripple trains is landforms p,t.sc,t ill t-,Lcl_formed lw very different pro-
on the order of te,_ of meters, and their wavelengths art' cesses, the secondary effects of wind smoothing and partial I1
typically :3 to 5 m. If graouh, ripple trains are present on to complete blanketing hy coar._e-moving sand is inferred
.Mars, as they should be in the light of Mariner 9 data. to product, the same morphologic results.

their presence just below the limit of identification resolu-
tioa might produce some of the linear effects seen in
Fi,.,.X-_.e. D. Conclusions ',:i

(1) The wind regime on Mars is more powerful than
Parallel cliff fluting of weakly consolidated sediments that on Earth. and the processes ot eolian saltation

Iw sandblast action is another variant of the :olian and suspension transport are more significant on i
regime in central Peru. Figurt.'s X-6a and X-6b illustrate a planet-wide scale than they are terrestrially. ;

this effect alon_ the b;_,seof Cerro Leclmza. about 7 km
_ south of th_ Pozo Santo Mission on the Carretera _2) The ravages of wind erosion on Mars are perva- '

Panamerieana. Figure X-6a is an oblique view of the fluted sire; at least seven types of eol_ian erosion features
cliffs, which art, :2.0 km in extent and from 20 to 30 m can be recognized. Wind is considered to be the

above the clark lag gravel and granule.rippled pampa to principal agent of surface sculpturing and trans-
the right. The spacing between the notches is about 50 m. port. Its influence accounts for many of the rift-
Figure X-6b is a vertical view of the same area oriented ferences between Martian and lunar features.

with northeast at the top. It clearly shows that fluting particularly the distinctive morphology of many
occurs only in the light beds in this part of the Tertiary craters on .Mars.
sequence: the overlying darker beds have been stripped

back by xvil_d action but have not developed flutes, nor (:3) The degree of erosiop apparently varies with the
have they gone to the stag(' of small yardangs as seen type of rocks present and their relative competence
in the left center of the photo_:raph. These two illustra- or resistance to wind action, as is also true in

tions contain features similar to those observed in Fig. terrestrial deserts. The dearest examples of wind
X-2d. erosion features are generally found in the plains

regions, which tend to be topographically low.
Selective wind etching of complexly faulted Tertiary

sediments can be observed about 5 km due south of the (4) Some plains surfaces have been stripped and
resort community of Paracas (Fig. X-7a). The distance lowered cn the order of tens of meters. The mate-

across the bottom of this photograph is about 3 km. Two rial removed from these surfaces within the equa-
prominent resistant beds that stand like walls above the torial regions has probably been trapped at least
surrounding terrain crop out in the lower right. These temForarily in the polar regions in the form of
same two beds can be traced discontinuously into the loess deposits.
right background _,aere they are offset by numerous
small faults. The pattern seen here is strikingly similar (5) Running water has played a subordinate role in
to that described for Fig, X-3a in the south polar region developing the Martian landforms described here.
of Mars. The origin of the resistant layers is almost surely Most of the surface modification seen m these

different, but the same type of selective eolian etching narrow-angle pictures can be explained by eolian
nmst be operative, erosion or deposition or both superimposed on

primary forms generated by impact, volcanism, or

Almost complete sand and granule blanketing of wind- teetonism.
, smoothed se_ stacks can be seen in Fig. X-Tb, located in

the Cerro Leehuza near the western edge of the Paracas (6) Detailed comparisons bet'v:een the almost unique
Peninsula. Trains of chevron-shaped ripples occur on the wind-produced landforms of the rainless desert of
surface of the blanket (lower left of photograph), and the central Peru and those inferred to be of eolian
tops of the steeper stacks show exposed bedrock such as origin on Mars reveal striking similarities of form.

' the two hills with dark tops in the center. An ancient The conclusion that they originated by essentially

I sand-choked gully without tributaries lies in the upper proeess-_s seems inescapable.similar
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FIE. X-6. (a) Wind-fluted cliffs in soft Tertiory sediments, centrsl Peru.
(b) HiEh.altitude view of the same features seen in FiE. X.6a.
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Fig. X-7. (a) Reticulate ridps in faulted Tertiary sediments, 5 km south of Paracas,
central Peru. (b) Sand- and granule-blanketed terrain near the west edp of the ParKas *
Peninsula, central Peru.
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XI. Eolian Depositsand Duneson Mars'

I J.A. Cutts

Jet PropulsionLaboratory/Ca;ifornia:nstituteof Technology,Pasadena,California91103

R. S. U. Smith
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CaliforniaInstituteofTech,.,jlogy,Pasadena,California91109

Eolian features on Earth are found primarily in arid millimeter_ thiek. Observations of changes on a diurnal
regions where rainfall is sparse and vegetation has been or annual time scale required that this be the case, and
unable to arrest the transport of surface materials by the seeming reversibility of many changes seemed to
wind. When it became apparent that Mars was a dry inSicate a cycle in which material was returned to its
world, althouRh with a significant atmosphere, R was source.
natural to infer wind would play an importan, if not

dominant, role in modifying the form and appearance of More detailed analysis of the Mariner 9 pictures re-
the surface. Global obscurations of the major continental- ported in this section and in other secti3ns in this Report
scale albedo features of the planet observed from Earth now reveals that eolian activity is not only a superficial
were first interpreted many y_ ars ago as massive "lust effect, but a surface process of profound ltr"ortance ha
storms (Ref. XI-[). The more sabtle and gradual seasonal the geologic evolutior, of Mars.
and secular changes in these features, interpreted at first
as the growth of vegetation, in more recent years, also
have been attributed to wind action (Ref. XI-2). High- Moderate- and large-scale topographic features that

_: resolutionviewsofalbedomarkingsfromMariners 6 and may be attributedtowind erosionhave been described

7 (Ref. X[-3) and from Mariner 9 (Ref, XI-4) have left (Refs. XI-5 and XI-6; also see Sections X and XV of this :
:, little doubt that wind _ransports Martian surface materials. Report), and latitudinal variations in crater merphology

r _ have been interpreted in terms of eolian deposition and

_i Most of these observations are relative to superficial erosion in the mid-latitudes of Ma',_ (Bef. XI-7; also see

effects. The dust storms and surface markings could be Section IX of this Report). Eolian deposits also are be-
explained in terms of a thin veneer of material, perhaps reved to exist in equatorial and polar latitudes. Smooth

plains interpreted as eolian materials embay volcanic

_' tContrlbution23,53,Divisionof Geologicaland Planf,tarySciences, terrains (BeE XI-8; also see Section II of this Report);

_i CaliforniaInstituteof Technology,Pasadena, deeply eroded layered deposits mantle cider cratered t
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terrains and underlie th,' r_.sidual frost caps iRef. x;-q: Bagnoh! eloquent!._ dcscrillcd, lint ,:,,, ,,,t h.quatcly I

also see Section XVII of this lh.port; explain, the variolls shapes that dtlllt'S ,tSSlllllt" ,-tll,,_ :lhtJll-
tain. |

[,
"Ibis s_tx'tion ass{'._s_,s t]}," [_h' -.I .....t{,/_,,, ¢:'igl.cIa9:' g"" thp

"']11 '' ............'11," _l,.,d ,.,,.'I .,, ,'a', ,. :,,.,..,,1 _f gmt|i1"_, c'hao,_ and

exi.stenct- of eoli,ul dUlIUb O11 ._[;.trs."['hi"dune is tile most disorder, tile observer never ceases to be anlazcd at

fanliii,,r of tt.rrc,,._,ll _lian featarcs, inld th- o('cliffenct" a simplicity of form. ,m eX.lttitud," of repetition .tnd
of a.l:ilo=oux features on _Mars }lles ilnlva_tant eonse- a _eometric order tlnkh,),_vn ill Itatun, on a scah.

,luenc, s tor the _eohlgic ,rod m,..ttam_lo_ic eaxironment klr,.Zerthan that of cn_.tallilu-stn,cture. In places V,l,t
of the planct. We find our most conviucin_ cxidcnce for atcunmlatio,ls of sand wvi,_,hin_ millions of trois ,-

du:u, fomJatam in t! ,- Hcllcspontux r_'_io,I of Mars. and inove ii,.emrably, in regular forn,dtion. :wt-r tilt- sur- ':
the principal conclusions of this section are base: 1.on this face of the country. _-,min_. rctamin,z their ,ll,tpe
identifit_ltion of a dune m,css in that location. However. even breeding, in a n,annt.r which hv its _rotc, ,.

pos_ibh, dune features exhil_iti_,g a _reat variety o{ ,.'mitation of lift', is vaguely disturbin= to ,m im.l_ma- I
morphoh _it-_ in other parts of Mars art. also examined, tire mind. Elsewhere. tilt' dunes art. cut to .Ulothcr I:• I

and the prot_rt-ssiv," modification of cratcn.d terrains by p.tttern--lined up in parallel ranges, peak followiu_

: deposition of dune-forming material_ is discusst'd. This peak in regular succession like tilt" teeth of -a mon- ;
section is a companion to the analysis of eolian e:o/ion strous saw for score.:, evt.n hundreds of miles without

" feat,m_ given by M(4_at:hw in Sectum X of this ReD_rt a break and without a chan,_,e of din'c_ion over a
•see Rt_ XI-5). landscape so flat that their fornl cannot b," influenct.d

by any loea; _t,_raphical features."
!

A. DuneCharacteristics Today an explanation of the complex variation_ in mor-
phology seen in terrestrial dunes is still lacking, but the

Dunes are constructional tt,l _raphic torms that de- quotation entapsulttt.'s some of the characteristics of
:',-lop from assemblages, of loose [raK,-.,.nt:, of mineral or dunes that cau help us to recognize them in orhital
rock in certain size ran_Zes umw," the action of a moving photography of another planet.

fluid such ,as wind. Bagnold {Ref. XI-10) first provided
the in._ights that explainod why grains of saint collect into

dunes instead of scattering evenly over the land as do B. Observations of Dunes

fine grains of dust. Bagnold recognized that particles 1. Hel:espontus Region
forming dunes move predomir, antly b.v saltation, a
bouncing motion initiated when a grain is pickm up from The single most convincin_ example of a dune fieht Oll
the surface by a turbuh,nt _ddy, moves in a downwind Mars is found in a large, dark-floored crater at 47.5 b.

" trajectory on assuming the motion of the wind, and ira- :381-'W, in the Helh'spontus region of Mars. The complex
of si-_ut,us coalescing ridges and individu,_.l marginal• pads the surface :t a shallow angle. If this impact is on

much larger particles or on solid, unbroken rock. the for.n_ .,orresponds almost exactly to the distribution ofdarl_ altledo materials in the crater floor. This section
grain rebounds into the air, although it alay impart some

motion (traction) to the larger particles. If it encounters reviews the morphologic similarities with eolian forms
on Earth that lead us to concur with an earlier report

similar or smaller size particles and if the wind is strong (Ref. XI-Ii! that the feature is indeed a dune mass.
enough, it will spray them into the air. At lower wind

velocities, the motion can be sustained only on rock and Oval in ground plan and elongated in a northerly di-
pebble surfaces beeause the energy of impact with a reetion (Fig. XI.la), the suspected Hellespontus dune
surface of fine particles becomes dissipated. Thus, under mass measures ab,)ut 60 by _10kin. Its morphology is
these conditious, moving grains collect on patches of dominated by a series of prominent, subparallel ridges

• stable grains and the landscape is not uniformly mantled, I to 2 km apart and trending NI5°W to N55°W; they are
but is comprised of segregated bodies of sand (Ref. represented in Fig. Xl-lb by the heaD' lines. Viewed
XI-10). These bodies can assume fairly simple individual stereoscopically, man.v of these appear to have rounded
dune forms such as barchans or linear self dunes. De- crests, similar steepness of slope on either side of the
pending on the availability of sand and the nature of the ridge crest, and to be separated by ttat surfaces about as
.wind regime, these individuals van persist or coalesce wide as the ridges (Fig. XI-2e). Ridges of this system
into complex forms of diverse morphology, are crossed by narrower, apparently sharper-crested

I_ JPLTECHNICALREPORT32-1550, rot.. IV

I ,' ..... - ...... . ..... . ._ _- '._"_r,_

..... --7 .......... I _l -" 'i. •

1973023947-167



rid-c, trend- ",north to N.>( -E: these lack the "_thmitv barchan duiw a_ do. to h_ser dc_rr," ,ome other ridzr

vlevation_ at intvrsection_ with the NNW ride,es _Fizs. terminations. ""
Xl-ac and Xi-2h,.

Parailcl to the western ,:_ar,.'in of the n:a_s are rid,.,,-.
,-e ,la... XI __'to J':' km apart tlrmlil,_ N__0:E tc, N30: !'] ' "+" " -'_-

The margins of the mass ImSSCSSa diversity of mor-
pholo,,v lacking over the intrrior. Variations occur both These apl_',tr to I_t"a coah_cv.ee of somewhat crt.-scv,,tic sIFeaturt_ openiu_ qorthwt-,tward: each md;vidual i. almu,
around the perimeter and across the marginal zone. On _-_'km across and hat_. on its north side. a rid,,c up to 1 km
the northeast and northwcgt margins, narrow rid-_e fen- lomz oriented with the tr'_.nd of the t,),tlcstx'd rider.
turt_ art' orient(_i approximatcly NNW. metring the
ix.rimeter of tile dune mass at varvimz an_les. These Northward lrrom here. tilt' rid,ges are lt.s_ promiurnL .rod" - indixidual features :: tO 1 km across arc up to "] km from
narrow rid-_c features. appear to bt" transitional to indi- the main ma.,s tFi_. XI 2dL Somc appear crt_centic "
vidual crudely equant for'ns _Figs. Xl-!a and XI-lbL openin_ ,ortlmard. with slmrp, uorth-trendin_ spurs on [_

which arc not seen alon_ tilt, remaindcr of the perimeter their northx_t corncrs and builmus protrusions ;m thrir i
of the dune mass. The morphology and transitional rein- northeast corllers. They may ht, lwth,r develol_'d _orms

tim_hips art" destnla_l in more detail in the subsequent o¢ the crudely t_tluant feattm_ seen in Fi"_. Xl-2a and i
paragraphs, tit-scribed in the preceding paragraphs.

Paralh.l ridgey, of 'he north rmrgin. 2 to 5 km long, Tile cratt-r floor, which underlies the entire mass of
trend N15:W to N_5:W and are h to _-. km apart ridges anti individual forms, i_ locaily crossed b.v south-

i

t l"ig. XI-2bL This zone of closely spaced ridges ex- easterly trending trenches iFig. Xl-la_. The southern part
tends abm, t !5 km south where it abuts the retdon of of tile crater is covert_'t by long da, k filaments that branch

widely _paced ridges, but contains er.claves of topography irregularly and trend _eneraily SSW except wht're they
which lack any discernible linearit 3" (see Fig. XI-2b, are locally crossed at high angle by similar short ilia-
lower-right corner). Southw_%;. from the northern apex. ments. Thes. e filaments meet the main mass in a zone
the ridges are subparallel to branching, te "kin apart, along the southern part of the margi, which is char-
1 to 4 km lon,_ ana trending north to N'25%V {Fig. XI-'2aL acterized by ridges as opposed to assemblages, of individ-U

Along the margin arc individual, crudely equant features ual forms. At one location (Fig. XI-2h). the marginal
t.., to 1 km across, the largest of these has a peaktxl, ridges appear to splay out and locall.v mer=e with the

• crescentic appearance opening northward when xSewed dark filaments. The relationship of these dark filaments
stereoscopically. Southeastavard from the northern tip of with the main mass and their general geometric anas-
the mass, the closeh" spaced ridges are bordered by a tomosing pattern is not unlike that seen in terrestrial set[
zone of individual features with somewhat different dune complexes (e.g., Rtff. Xl-12L Alternatively they may

charaderisties. In Fig. XI-2c the ridges are 1 t3 4 km represent lracture paRt,ms or erosional so,our featatrcs in
long, _,,:to 1 km apart, and trend N20°W to N35°W; on the crater which have trapped dune-forming materials.
their borders, the triangular individual features are about They, ,are not mapped in Fig. XI-._b.
1 km across and arc closely" spaced in rows en echelon
with their comers touching. Along the southea_teru 2. Comparison W'd:hTerrestrial Features
margin, the widely spaced ridges curve southwestward

We have not attempted to find exact terrestrial anal-
at their ends, and some large, crescent-shaped features

ogies of the ridge structures and individual ferms de-
are seen. scribed above. However, the pictures shown in Fig. XI-3 ,

do show some dmracteristies of terrestrial dunes. They

Near the crater .a Fig. XI-2f is a series of l-km show the importance of resolution in their definition; the)"
crescentic features, each opening westward and heading indicate the diversity of ridge structures and individual
at one of the arms of the next crescent east in an en dunes found in nature; and they display an "ordered
t_helon manner, strongly reminiscent of the arrangement chaos" quite similar in style to that seen in the Hel-
of closdy spaced terrestrial barchan dunes. At the top of lespontus crater described above.

Fig. XI-2h is a creseentric feature about I km across with
a gentle, domed northeast side. Along its southwest side Figures XI-3a through Xl-,'kl show various segments of

it ]',as a straight, steep slope eur_Sng into blunt horns the Algodones dunes, southeastern Imperial County,
t_ km long; the northern horn merges into one of the California, at scales increasing from that of Fig. XI-2 to

widely spaced ridges. This feat.re strongly resembles a about 80 times larger. These dimes have been described i'
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FiE. Xi-la, Suspected dune mass in Hellespontusnear 475"S, 331"W. As viewed by the Mar/nor 9 wide-ar_
camera, the lenersi area/I characterized by large subd,aed crsters with |rralpdar dark markings in their fiat
floors. The mm_ic of hilh-resolutton picturas shows the dark marldnl[ at the lower rtlht of the wide-anile
frame (t:lset) to bs I complex of r;dges wi_:h• diverse ma_inal topoMaphy comprised of ridps and in-
dividual features. Surroundingthe suspecteddune mass Is a substrata displaying ¢rster_ and some structural
patterns. The filamentary dark markinlls which merlle with th_ dune mass near the bottom of the mosaic
also may be dunes. (Mosaic: MTVS 4264.20, DAS098074q_;:,MTVS 4264-16, DAS098074_, MTVS _?_8-15,
DAS 08548829. inset:.IPL Roll 267, 220313.)
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Fig. Xl-|b. Map showin8 the principal f-dtures of the suspactod Heilespontus dune mass (Fill. Xi.la) at the
same scale. The most prominentsubparalleiriclIIN trendlnl_NllS'W to N35"Ware representedas heavy

: lines. Narrower, sharpar_:rosted U ¢res_n8 these in various parts of the mall =re _ by IJ_t lines.
Dots Indlclto _ triansuler or irrasular forms that may be indivi4ua! dune_ The clashed lines indicate i
ri_ structures in which the continuation of tmlividual rid_N is unce4ain. In armls in the submarEinel zone,

_, whichhas beenh_ftManic,t_e dunemassalq)eorsstructureless.The rectonElesidentifyarus that appear
_ enle_ed in Fill. Xl-2.
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Fig. XI-3. Terrestrial phololgaphs shewlng some of the cl,,eracteristic+ of dune fields. No
strict similsritles with any of the martian matures Is Intended here. Figures XI-3o through
Xl-3d illustrate the Importance of resolution In recollnlzinll the topography In the AllPxlones
dunes of Southern Callfomia. The low-resolution photolpmph (_) has sover_l timeo the
resolution of the Mariner 9 narrow-snailscamera. Thus, Mariner 9 picture of this area
would show only • subtle wavelike pattern. The hillhest-msolution photolprlph (d) shovel
the berchan dune, a crescentic individual dune with its steep slip face on the concave
side of the feature. Some of the individual forms on the .,eriphery of the Hetlespontus
feature (Fill. Xl-2) may be barchens several times the scale of those shown hera. Althoullh
the berchan is the easiest dune to understand theoretically, it is not the only type of
individual dune. The peaked or pyramidal forms found in the Sohera desert (f) mly he
closer in characteristics to tho trlanlluler dunes (Fill. Xl-2¢). The narrow rldle Itru_qLureo
(e) also resemble other +uspoctad Martion dune feltures. Fillures Xl.31 thmulh XI-3d
are Alllodones dunes, southellstem California, at various scales. (a) USAF 665V048, 1967.
,_b)61S7274A, 1961. (c) M29 137 SMCS (CAIP) 6310,1962. (d) PhotolPmphedby R. S. U.
Smith, 1972. (e-f) From Ref. X1-17.
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I_ Norri_ ,rod Norri_ ,lh.f. XI-13,. _mallcrt.scentic dum's Hcllespoutus dune mass 'N alhedo. Terrestrial thme_
,barchans, x_Phiu tlwm have hcen de._c'ribt d h," Norris usually appear light against a darker back,,,rouml or with

k

, Ref. Xi-14t and R. S. I'. Smith _Refs. XI-15 and XI-I6_. vcrv little contrast. This can be ;_(tributed to the iact that b
l"i_urt, XI-.$a shov_ a mnthc,t_t_,tr,l oricz_tatiop. '.)f ]ar,ze- most terrestrial dune samls ,,re predominantly quartz
_cah. ft',durus x_ithin the main dune mass and the tRef. XI-20). Tht'crescentic. equant triangular, and tila-

mar,,,i,,d rid_('_ ori_'utcd northwesturlx ahm,,, the clom_.a- mentar:" forms _;t.ell in _lell,espor, tus appear d_rk a_ainst
tion dircction of the dune ma_s. Figure XI-3b. trom a light background. Photographs of crescentic or barchan
farther southeaq in the dunes, sh_,ws the"me_abarchans'" dunes :.: Peru tRefs. XI-21 and Xl-'9°_ also have this

(,f Norris and tiu swarms of barchans on the intt.rvt.nin_ appe_trance, although it seems to be exceptional. In the
flats. Note that tht'st' sx_arms are al_parently concentrated Peruvian cases, the dunes are found to be primaril.v rain- !"
into di-crete l.tncs c,ntrolh'd hv sand flux from the low erals aud lithic fragments derived from andesm'. Infrared

points on the southt.ast mar,_'in of the northwest dune interferometerspectrometer measurements from Mariner9 '"

! mass. Figure Xl-.qc shows the characteristic surfieial mor- indicate basic rock co,nimsitions (Ref. XI-_3L Thus. the ;

i pholo,_y of the dune m.t_s. Not(' the sinuous, paralh'l sands of Mars may consist, not of quartz, but of dark i
ridge crests and lower ¢.r_qu_. ridges. Figure X1-3d minerals deficient in silica.
shows some of the s,lail barehau dunes like those in the tt

swarms of Fi,z. X1-.'3b:these move southeasterly, but were Dune features of the Sahara (hsert reproduced from

deformed by stron_ norti,,'rly win.is sb_ortly before the tt. T. U. Smith rRef. XI-17, pp..'IS and 44) apl_'ar in
picture was taken. Note their characteristic ereseentie Figs. XI-3e and XI-3f: their scale is not given, but is
shape and ,m_h similarity to the "meKabarclaaos" in roughly eomparable to Fig. XI-3b. The peaked dunes in
Fig. XI-3b. despite their being ,_.ore than an order of Fig. XI-3f illustrate that there are types of individual
magnitude smaller, dune for,m other than the barehan. The barehan with

its cresc_ .,tic form with horns trailing downw_'.rd is the

In _ross appearance the lar_e-scale rept titive features simplest dune geometrically and perhaps the easiest to
of the Al_odones dune mass (Fi_. XI-3a) respml)le the understand theoretically. However. other types of indi-
central portion of the suspected dune mass of vidual dunes are found terrestrially (Ref. XI-17). a,d
Heilespontus (Fig. XI-2e). Although the scales in both we would not be surprised if individual dunes on the
figures are similar, the re_olution of the terrestrial photo- margins of the Hellespontus feature have divergent
,,'raph is much greater, which may account for the greater morphologies.
abundance of fine structure. Structure at the 100-m scale

and below is typical of large-scah" terrestrial eolian ridees. In summary, the suspected Hellespontus dune mass
H. T. U. S,nith _Ref. Nl-17) describes individual large has many features in conunon with terrestrial dune
ridges of this type as composite dunes; some other masses including the scale and diversity of its surface

authors, notably Wibon (Refs. XI-18 and XI-19). believe morphology. In the interior of the mass, these include:
that they repres_ nt distinct eolian features (draas) with a (1) consistent trend of the subparallel widely spaced

different mode of formation than simple s,nailer scale ridges; (2) their irregubr sinuosity; (3) local branching
ridge dunes. These smaller-scale ridge dunes have been of ridges; (4) even ridge spacing; (5) ridge length far
eonsidertxl to fall into two classes. Transverse dunes form exceeding width: (6) presence of peaks and saddles along

perpendicular to a prevailing wind and exhibit a shallow ridges; (7) irregular marginal topography of some ridgt_;
windward slot)t' and a steep leewat'd slope or slip face (8) presence of fiat terrain, possibly the crater floor,
upon which sand lies at the angle of repose (approxi- beneath some ridges; and (9) irregular crossing of the
mately 84 °). Longitudinal dunes have steeply sloping and widely spaced ridges by a lower set of narrow, short i
essentiall.v symmetrical ridge structures which, in some ridgt_s subparallel to each other, but oblique to the trend
cases, seem to be aligucd with the vector sum of winds of the main ridges. Alo_.,g the margins of the dune mass,
from quite different directions (Bef. XI-10). Stereoscopic these si:nilarities include: (1) presence of low, closely _

: examination i,adicates that the large-scale ridges of the spaced ridges parallel to the widely spaced interior .
_. suspected Helh-spontus dune mass are morphologically ridges (Figs. XI-2a, XI-2b, and XI-2c); (2) their sinuosiW, i

different from simple tramverse dunes; becanse of the length versus w_.dth and local branching; (3) presence of ',
" ¢ scale difference alone, this is not surprising, individual forms (Figs. XI-2a, XI-2c, XI-2d, and XI-2f); i

_" (4) crescentic appearance of some individuals (Figs, i
i. One notable difference between most terrestrial dunes XI-2d, XI-2f, and XI-2h); (5) en ,._ehelon arrangcment of

_ and the individual features marginal to the suspected individuals (Figs. Xl-2e and Xl-2f); (6) presence of
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ohlhluc marginal rid,_,cs, xxhich may be coah'._ced cn C. Other PossibleDuneFeatures
celn.hm individuals ,l"i_. XI-2_: t7_ bcndin,_ of widely

,p:wcd ridges at their cn(l_ ,t_,fiust the margin (Fi-_. .Ma_w other features visil)h' in the Mariner 9 pictures
XI-2h': and _S_irret_ular _r(;nnd plan of tilt, entire mass n:.:y b(" ,'i_h,,r primary throe fcature_ or impact, fluvial. ['

volcamc, or erosional features that have been highly ,,
_l:i_. Xl-l,o. modified m appearance by a m;u_tlc of dune sand. Some

Structural and erosional forms qlow some of these t.xamph.s of such features are discussed Ix,low.

characteristics but not all; we can. therefore, find no
other rc.l_onabh, cxpl,mation for th,, feature oth-'r than a 1. Diverse Patterns in Dark-Floored Craters ;.
dunc m,_._s. !.

A mosaic of hi_h-resohition pictures (Fig. 7,I-4) shows
3. Inferences About Wind Regime small-scah, t20 to :30kin). dark-floored t'raters near 65:S.

The dark foor of the crater with the more subdued rim

The ritl_e ma_s wc have bee:l d,._cribin_ corresponds (lower h'ft) is comprised of long, curving sub-paralh,l dark i
closciv to an area of dark all)edo on tilt' crater floor, streaks which divide and coalesce in a manner suggesting
Dark albcdo markings on triter floors are common on the ridge structures found in terrestrial dune fields i
\lars. p,lrticularly in tilt, Helh'spontus re4zion, and ,re (Fig. XI-3c',. This pattern differs from that observed in
suspect that. ,,I_ these fi.atures art' also dunes: and (2_ tile Hcllespontm crater. The ridges art' lower and more
crater floors arc favored sites for tilt, accumulatiort of closely spaced and show much less branching and modi-
dum'.formin_ materials, fication by cross-cutting ridge patterns. However. the con-

trast with the nearby dark-floored crater (Fig. XI-4. upper
The mere existence of a large aecunn,lation of dune- right_ is even more marked. The rim of this crater is more

formin_ sand in a p'lrticular topographic setting tend_ prominent: although the dark markings witbin it have a
to imply a balanee hetwcen the effects of winds from similar shape and location, tilt. fine structure within it is
_cverai direetions. Sharp (Ref. XI-24) described a dune entirely diflerent. On the left side. it comprises five con-
mass in C,difornia whcre topography has modified a centric dark-toned ares, indicating either eoneentrations

! prcvailin,¢ wind rt'_ime. He attributes the accumulation of dark mater.;al or steep slopes facing toward u:e center
of sand in the Kclso dunes to stron_ storm winds chan- of the crater. There is some suggestion of a radiating
l:eh'd Iw mountain pas_es cancellin_ the effects of pre- patten* transeeting and modifying these ares. To he right
vailin_ westerly winds. Comparabh' topographic modifi- side. the arcs :nerge and develop into dendritic ,_attems
cation of wind directions and intensities may cause salad 1)ranching into tile northern parts of the crater floor and
to acculnulate ill crater floors on Mars.

terminate at the shv.rp albedo contact, which is found
about one-fourth of the crater diameter inside the rim.

Some preliminary ideas about the wind regime in the
vicinity of the t|elh'spontus crater can be gained from
studies of albedo markings. Albedt, sh'eaks emanating The gross features of the pattern in the crater at the
from craters art, the most reliable indication of wind upper right are unlike those found in terrestrial dune

direction, but dark albedo markings biased to one side of fields. Yet if the pattern in the crater at the lower left
the crater floor have also been used to infer wind patterns is a dune field, the proximity, setting within a dark

(Refs. XI-6 and XI-25: also see Sections XV and XIII of a!bedo feature, and the general tonal characteristics !
this Report). Tilt' mere existence of such a large acx.umu- would seem to argue that eolian modification also is
lation of dune-forming materials in the Hellcspontus involved in this crater. Perhaps the pattern in the crater

crater tends to imply a balance between the effects of floor is polygenetie with radial and concentric structural
winds from several directions. However, dark albedo features controlling the distribution of dune materials;

markings in craters in the vicinity (presumably also dune volcanic flow fronts or impact melts also may be involved,
accumulations) lie in the northeastern parts of the crater
floors, suggesting dominant winds from the southwest. It

2. Dunes Formed by Topographic Obstructions
may be significant that the major ridge structures are

-,_ perpendicular to this direction; smaU features resembling While the dune-forming process can give rise to pri-
jr

,.., barchans (Fig. XI-2d)are bilaterally symmetrical with re- mary topographic forms in the middle of a flat and
spect to it, and the dark filamenta D' forms are roughly featureless plain, pre-existing topography can, as we have

aligned with it. VCe speculate that much of the dune seen with the Hellespontus dune mass, control the loca-
l material is aecrcting from the southwest, tion of a dune mass. Pre-existing topographic features
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Fig. Xl-4. Dark-floored craters near 65"S. I, the crater with the subdued rim (lower left).
the -Piesof curving features resembles ridge forms found in dune fields. The detail in
the oLher crater (upper right) is more complex. The con:entric circular features may be

- structural or volcanic, but the general similarity in setting and texture with its cor.l_anion

i crater suggestseolian modification. (IPL Roll 1571. 131138; IPL Roll 1571. 130245)

can also have a much more direct influence on the loca- The suspected dune features of Figs. XI-5c and XI-5d

tion and morphology of dunes. Climbing dunes and differ from those of Figs. XI-5a and XI-5b in that the)'

lee dunes that are draped over mountain ridges are are developed outside rather than inside craters. Curving

terrestrial examples. The features in Fig. XI-5 may also away from tile rim of a crater near 65°S, 365°W, is an

fit this classification. All of them li,, south of 65°S, assemblage of light and dark streaks extending toward

Figs• Xl-Sa and XI-5b art' im,r,xliately peripheral to the northwest. In this particular case, however, it is

the lay ered deposits of laminated terrain which occupy the di_cult to discriminate topographic relief within these

central Folar regions in both hemispheres, features. The existence of discr,-te filamentary forms is

strongly suggestive of terrestrial dunes. The feat,,rcs

The extre.nely regular ridge pattern (Fig. XI-5a) is de- extending to tile northwest of the crater shown in Fig.

veloped from south of the crater rim and splays out int(: XI-5d are much less regular, but do exhibit topographic

the central part of the crater floor. In Fig. XI-5b a ridge relief. They may be dunes; they may also be residual

pattern also is developett within a crater floor; however, ridges which have st,rvived the erosion of a thick blanket

in this case, the south part of the crater floor is mantled of materials which once mantled a broad area in this part

by several hundrtxl meters of layer, deposits. Tile of Mars.

ridges are dexeloped perpendicular to the escarpment

that rcpr('sents the abrupt margin of these layered de-

posits and extends to the r,orthwest away from the pole. 3. Cratered Terrain Modification by Eolian Deposits

Both the features of Figs. XI-Sa and XI-Sb contrast with The observation of highly subdued, non-lunar-like

those shown in Figs. X!-I, XI-2, and XI-4 in that the cratered terrains b:,' Mariners 6 and 7 led Murray et al.

suspected dune features are light against the dark crate: (Ref. XI-26) to conclude that a uniquely Martian process
-- floor. The ridge patter;is-are also longer, straighter, and was modifying the surface. The complete planetary map-

exhibit fewer coalescing and cross-cutting members, ping coverage provRled by Mariner 9 reveals an entire

t
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Fig. Xl-5. Features resembling dunes which appear to be controlled by the topography of
the cratars with which they are associated. The features within the craters (Figs. XI-Sa

and Xl-Sb) are close to the margin of laminated terrain in the south polar region. The
crater in Fig. XI-5b is partly mantled by laminated terrain, and the ridge features in the

crater floor are aligned perpendicular to the marginal escarpments. Figures XI-5c and XI.Sd
show possible dune features outside crater_ contiguous with the crater rims. (a) MTVS
4269-19, DAS 09986839. (b) MTVS 4222-12, DkS 08367879; MTVS 4285-67, DAS
10654504. (c) MTVS 4196-8, DAS 07504633. (d) MTVS 4162-27, DAS 06425203.

spectrum in the modification of cratered terrain on Mars. ditions of illumination and viewing. The crater rims are
McCauley (Ref. XI-5; also see Section X of this Report) subd,led, and the central peaks have disappeared; the
recognized erosional stripping of cratered terrain in cer- brigb.c ray pattern has vanished and has been replaced by a
tain areas of Mars, evidenced by erosional pedestals of mottled albedo pattern. Such patterns are now regarded
impact craters and etching of eiecta blankets. Impact, as _urflcia] and time variable and attributable to eolian
volcanism, mass movement, and possibly e"en water activity (Ref. XI-4). This is a sufficient explanatzon for
erosion are other process(,s that may modify cratered the disappearance of tho ray patterns; the loss of central
t_,'rrains. Here we attempt to isolate modification caus__d peaks and the muting of topography may also be ex-
by deposits of dune-forming materials, plained by eolian deposits, although other mechanisms

may have contributed.

A pair of the most pristine impact craters so far
recognized on Mars is shown in Fig. XI-6a. The craters Figure XI-6c shows what may be another stage in the
exhibit the well preserved rim structures, central peaks, modification of cratered terrains by eolian materials. A
and bright-ray patterns that are typical of Copernican wind-mobilized flux of material across the surface is in-
craWrs on the Moon. In Fig. Xi-6b is a scene that is more dicated by the occurrence of light and dark streaks ex-
typical of Mars at almost exactly the same range and con- tending from craters and other topographic protuber.
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Fig. XI-6. Modification of cratered terrains by eolian processes. (a) Uretered terrain naar
39°N, 30°W, in which eje:ta patterns are preserved as albedo markings and the rims and
central peaks of the two large impact craters are preserved. (MTVS 4298-120, DAS
13460623) (b) A typical scene in which the albedo markings are attributed to eolian
activity; the subduedappearanceof the surface at 63°S, 251 °W,suggestseollan activity, and
the subdued appearance of the surface suggests collar deposition. (MTVS 4174-6. DAS
06820768). (c) Eoliandeposition may have reached a more aovancedstage with the devel-
opment of a complex topograph.yon the crater rim near 25°S, 248°W. (MTVS 4240-32,
DAS08981114). (d) Still further eolian activity is suggestedat 10'S, 330"W, where sinuous
dune-like form_,coverthe inter-crater spaces•(MTV$ 42_8-27, DAS11620533)

antes. Hox_ever, the large 50-km cratcr does not exhibit of this Report). They appear to have been modifi.-d in

a simple rim or even a terraced structure, but consists of tonal relationships antl subdued in topographic relief,
a series of regular, or en echelo_, "_7r_u_es v.'itla roughly perhaps by accumulations of dune materials• However,

bilateral symmetry about the axis represented by the some of the dark sinuous features :amy actually be dunes

streak patterns. Some of thi_ symmetry may be illusory, extending across the light intercrater spaces.

a consequence of the albedo of the surficial materials

affecting the discrimination of topography. Ilowever,
this crater and others like it are non-lunar-like and differ 4, Suspected Dunes on Polar Laminated Terrains

in appearance from those found on many Martian ter- The central parts o{ the polar regions are occupied by

rains. Dunt, accumult_.tion may account for so,he of the layered deposits, developing thicknesses of up to several

features seen here. kilometers, and termed "laminated terrain" by Murray

et al. (Ref. XI-28), who suggest that these deposits are

This deposition may not be confined to the crater rims. comprised of dust mixed with volatiles. A model for the
i i t./lll I.llkThe inter_rater spaces also exhibit sinuous {eatures incorporation of dust derived V_.lUatul t_tl _ind

(Fig. XI-6d) which, in some cases, originate at crater mid-latitudes into the deposits has been developed by
rims or art, drapecl around them. Some of these features Cutts (Ref. XI-9; also see Section XVII of this Re.po_).

appear to be channels (Ref.._._-27; also see Section III Some disagreement exists o,_ the nature of the present
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surface of this deposit..Murray and Malin (Ref. XI-29) 5. ElongateDepressions ot Amazonis-Memnonia
eont('nd that massive constructional features in the form

of pl;_tt'_ ace(rant lot its main characteristics. Cutts (Refs. Large, elongate troughs of eolian erosion are the promi- c
p,cnt landforms on txw_overlapping narrow-angle picturesXI-6 and \_-.q: also see Sections XV ,u_d XV[I of this

Report/ presents an alternative view that wind erosion (MTVS 4171-57, DAS 067512'9.3; XlTVS 4254-55, DAS
of the layered deposits can account for the absence of 09484799): at about 1.5°N, 157°W, and covering an
impact centers and the pits, flutes, and grooves that art, area greater than 30(X) kin-' in Amazonis-Menmonia

intimately associated with the terraced slopes developed (Fig. XI-8a). In the second frame mentioned, which
w_thi_ the layered deposits, shows them most clearly, they are northeasterly oriented

" elliptical streaks with steep slopes, possibly slip faces,
along their southwest margins, _'xtending in a sen]i-

Pits. flutes, and _rooves, however, art- not tl only circular arc of about 90° tt_ the direction of elongation.

small-scale features seel; ,)11the surface of the _,,:er,'d Most of them are 1_- to 2 km wide by 2_.'., to 3 km lon_
i deposits. Figm'e XI-7 shows a series of distinctly different but ranKe up to or., by 7 kin; some streaks t'xtend 15 kin.fea,ures and textures which may be dunes. The most ' "- "

Some display a broad medial ridge, tapering to a point
convincing of these (Fig. XI-Td) is from the no_th polar at the southwest ,.ud of the feature,
re_iom it strongly resembles terrestrial swarms of
harchan and transverse dtmes, the former being marginal
features merging into the latter in the congested central These features seen] to have been developed in e.

zone (eompar(- with FitL XI-3d). Figure XI-7c shows a featureless uncratered plain, probably a fai,ly thick
feature in the south polar region which may be similar, blanket of unconsolidated sediment. Stereoscopic exam,.'-

Figures XI-7a alrd XI-7b show peaked topography near natic, _ shows no noticeable slope leading to the sharp
the limit of tv,_,,lution along the crusts of gentle slopes: escarpments at the heads of the features. However, each

these could be peaked dunes. Figure XI-7e show topog- of five similar features clustered in the upper left of
raph.v which is irregular in detail, but wh;ch has tavo Fig. XI-8a shows such slopes and is barchanoi,'l in form,
persistent tren& of sinuous and branching ridges oblique about 2 km long by ?km wide.

to each other. Figure XI-7f shows features in the lami-nated terrain, possibly simila." to that of Fig. XI-7e, but
more irregular. Possible terrestrial ,q,-.alogs to these troughs have been

• found in a zone of intense eolian sand flux in Coachella

Valley, California, On a sand plain, featureless except for
Even if one were to assume that all features on the scattered bushes, troughs about 200 m long I,v several

layered deposits are products of eolian action, he should meters deep have been excavated behind buildings. There
question whether it is possible to distinguis!: erosional appears to be some sand deposition upwind of the build-features from dune features whe_. the scah, of all of these

features is only marginally above the resolution of the ings, but a promir, ent crescentic slip face has not yet
developed there. These troughs have probably been cut

images. This objection is a valid one, but there is other
evidence for distinguishing erosional from dune-mantled in less than 20 years. It is unknown what their eventua_l
surfaces which is applicable to the layered deposits, dimensious may reach or what size feature might form

behind a larger obstacle.Erosion of a layered deposit should produce a surface in
which materials have either been etched away or lie m

the configurations in which they were originally deposited Because the Coachella Valley features have fomned in
Dunes formed on ;a layered surface will cons;st of loose sand, their Martian analogs are itfferred to have formed
mobile materials, derived perhaps from isturbanee of in noncohesive materials. For this reason we have in-

the substrate, which mask and cover the surface layering, eluded them in the class of dune-like phenomena rather
The features of Fig. XI-7 display this latter relationship, than with the erosional pits formed in consolidated or
For example, in Figs. XI-7a and XI-7b, the assemblages cohesive materials (Refs. XI-5 and XI.6; also see Sections

of peaked topography embay and mask outcrops of X and XV of this Report).
layered strata. In Fig. XI-7c we recognize albedo differ-

ences that are not due to frost, that do not correspond "Numbers in parenthesesthat appear in the text referto Mariner 9
to contacts between laminated layers such as those televisionpicturesnot includedin this section, but which provide

additional explanv.tor/material.All Mariner9 pictures may be or-
visible in Fig. XI-7b, hut that could be explained in dered fromthe National Space Science Data Center, Code 801,
terms of a swarm of dunes overlying a dune.free" surface, Greenbelt,Mar/land £0771.
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Fig. Xl-7. Unusual textures that may represent dune-formini processes on the laminated

terrains of the polar regions of Mars. These terrains are believed to have to, .led originally
as layers of dust, end so an eolian origin eems plausible. The principal problem here tory
be in distinlluishinR between constructional (dunes) and erosional forms. (a) MTVS 4240-16,
DAS 08979679. (b) MTVS 4242.2, DAS 09051572. (¢) MTVS 4229.8, DA$ 08584179, (d)

MTVS 4298-6, DAS 13463049. (e) MTVS 4295-106, DAS 12906668. (f) Mrvs 4149.21,
DAS 06029803.
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Fig. XI-8, (a) Elongate depressions in the Amazonis-Memnonia region of Mars. (M'rV$ 4254-55, DAS 094J84799) (b) Depressions
in an area of active sand flux in Coachella Valley, Southern California (photographed by J. F. McCauley, reversed in printing._,

D. Implications 2. Shapes and Variations of Albedo Features

1. A Salt,, " ._, ".: ._ The existence of saltation on the Martian "_r_ ce may

explain the morphology and temporal behavior ot certain
The m_ " _ ....... '_,g evidence of dunes on Mars is pro- alhedo features. Craters also are in many areas associated

v':ded by the cu.,lescing ridges and diverse margina! with liFht or dark streaks, which assume many mor-
features seen in the Hellespontus region. The princioal phologic forms (Refs. XI-4 and XI.I1). One v_,ri.mt,

implication of dunes is a supply of noncohesive particles shown for example in Fig. la of Ref. XI-6 (also see f'ig.in the Martian surface euvironment and wind velocities
XV-la of this Report) is a da]k streak _hich originates

su_Cent for saltation transport. The existence of a salta-
within the floor of a ci'atc,. One plausible explanation

tion regime on Mars was iv:erred previously by Cutts et
of this phenom" n is that the floor of the crater has

al. (Ref. XI-:3) from the sharp boundaries of albedo fea-
collected dark t, ._e4orming materials and that a blow-

tures in Mariner 6 and 7 pictures. Their c_nnclusion was out has occurred under conditions of unusually strong
later questioned by Sagan et al. (Ref. XI-80), who agreed winds. The subsequent Eebavior o_ dark streaks might

that the features were formed by wind action, but felt bc controlled by a variety of factors. If the substrate
that the sharl_ boundaries could be explained in terms of were bedrock or lag gravel, then it might tend to remain
abrupt changes in wind speed, causing suspended mate- stable. If the substrate were mantled with dust, th -

rial to be dropped. Dunes are not amenable to an alterna- newly introduced saltating particles might accelerate
tive explanation of this ,, _rt. Thus, we feel that we can change by removing dust partic!es from the vicinity.
now confide_,tly assert the existence of a saltation regime
on Mars. Many implications o_ a saltation regimt such as !

wind abrasion, wind seoar, and dust production are dis- ObservaUons of variable feature_ suggest that certain i
cuss, d in Ref. X:-5 (_lso see Sectio_t X of this Report_ types of albedo markings are stable. _,'..' might under-
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1

,t..n,! '!.: m t_ .... .t_, q h, ,,. t, atur_ . mi'4ht t,rr, ,poml "!1, l_,,d,_li',h., ,_,,m t- h, mor,' limitt.d f,r the' .,u--

t,, ,!,'-.' d, i' _-:t', :n 'a[,al, t!:_",.'rain ,d/t. i, t_ ,mall for pc_;,d d,mv fi'atur,-, of lamm.,tvd t,-rrain l"i_. XI-7
'+,,,ti+,;+:., b," dir, x tlx il+itl.d,".l bx the ","ind lh-[ Xl-ltl . II, r, x,.,-,u,.pt-tt th.d d',n,', art' .t_-tu.dlx u:i_r,dil,_ .t_.'ro,..

l"urth, ::t,,rt- .,,mr,.t ", <d l.tr'_'tr p.trtit h ,, t.:p.d)it" of .,.dta- l,, .... ] ,.p, :; i- ! ::::,..,.u,! tl ..it di-.trilmtt.n i,, ,rot controlh'd
t,,,n and xxl,,G, t,mid _-jvct du,t p._rt_th_ into thv atmo- ,-,, cl,_,,vl', h} pr,'-,'\i.,tin'- tnpo_r.q hx. Th, laxvr, d d,-
,ph...r,. n,i'.zl,, I-- . t-ml,dth rabh. tli,t.mte from tlt_ tl_l>t ;x_,,it..,.,r," r_i.di_C, ._om< _eol0_,.zit.dl> .lh.f,< Xi-tj and
dcp,,-:t. \:, :Item.dive" t-\pl,m.ttmn .:ppli_". if flu" _urLwt' XI-25..:]..o ,v,. Svct'on XVil .f th,_. l:b'!_rt . aud du,.,- _'
i, a l.t:.: _r.txvl_ In tl,,,t' cirtum,t,mtt--, finvr ,hatvrial can '_,natimt .::,d th.vt-l,q_m_.nt _n't the'.t surface-', mu_'.t la. ..

=, I_-,.m,- t':,bt-ddcd !,,'tx_,-vn lar_,,r fra,.zu,.nt, and can x,._t,,:_vl .till_

, h,m_," tl_', .,ll;,'d,, a, i: cr_'ah',..t r,.st'rvoir .f _,w_. The
la:_ _rav_.l mi,.zht thvn l'rot"tt the r,.wrvoir a_.unst t-r_,s-
winds. IL 5. L. Smith i/,-[. X115 ha_ imok,d this rva- 5. GlobalVariations in the Martian Surface Environment _.

_t,nLn.Z,t- v\piam the p_.r,i_,tt-v .. t;uri,. : "_ros_,_ind_ .)_ St.vvral line,; o._ evith.m'e ,u_,_,vr.t |hat eolian at.tivP.v
}_:'.:'h ,tll:,-t._ ,trt'.u:u'r._ , m.mati,,_ trom d_e horn_ of ix wid_.-,prt.ad if uot ul)iquitou_ on ._' ,rs. Pristint- cratt.acd
t,.trch.al thlllt-', _ithi: th," Al,_'odm:es .bin," d,alr Ot xur[at't_ Art- rare..u:_t] on]',- t-h-_.dt_tl vole.role ft..lture-,, _
,outh,..t.,tvrn (Lditor:lia. .,uch as the summit art'a o[ Nix Ol.vmpica display crisp i

nc,.-eohaa topography. Suptrfieial eoli.,n effects art' indi-
: c,dt-d [u mahv areas as chara(t_,ri,tic albtdo featur:'5.

3. Inte,pretation of Non-Eolian Features Suspension of dust l-,a_ been observed clirvetlv I)v
The existcncv of sand fluxt's and sand accumulations 3h:rincr 9. and tlfick ,! ...... :' " '..t t....... ::-,."mft.n:.a to lit. in the

is an re:Fort,mr factor to la. c_)nb,.'(|ert'd in tl'e interpre- laminated tvrrains of Imth lx)iar _egions. i
• tation of non-eolian features. Eolian a_ivitv is evide_,tly

a l;roct_s currently op .tin,_,,ma Mars: therefore, even
the .voun,:_t fluvial, vu' ',-it..,,truttural. ,)r impa¢i re.t- The c'dstence o[ an ,_olian ,.-dtaticn regime is most di-
ta;r:_ are . ._ccpti'.le _ some d,'._ree of :nodific,uion. rt_.-tl.,"(hmonstratvd bv tilt" duno features o.f Helh.-spontus,
Eoh,:u .tctioh ,-,:,_ ait,,r th,- ;,n_inal tonal rel,,tion,i_ip_: It teems reasonable, however, that it is also a
tl,' (!.:,'km_s of ,he furrows or channels in Fi,z XI-6d is _ planet-wide process and that dunes should not tw con-

m. ,x_.,,,ib!e m,aml)h, o[ hi.,, e_t't-t. It can alxo |mrv th( fintxt to thi_ one area. Marl'mr 9 pictures Stlg_est. but do
not !_ro_e. that dune structurt-s are to be [otmd in loca-ori¢inal tOlm_raph,. The pos,dbility that will "lost cou-

fuse interp,, tati,m, however, occurs when eolian lions as diverse as the etluatorial cratered terrains and the
constructional for'as tdl, nes) actually re,;emhh" the modi- lmlar laminated terrains with toim_raphic structures close

_ed forms t'[ th - primary fluvial or vole.talc features to the rt_ohmon limit (100 ,._ of the Mariner 9 cameras.
l_.ing stluhe.l. Tl,is may be happenin_ in Fi_:. XI-6d. The The existcnc(" of saitation also implit.'s tran_Ix_rt and
_radatimtal cha_acter ot eolian modification also makes abrasion o[ materials. Possible erosional fi'atures formed

highly amh:t:uoa.,, at_e datinR l:ased on cr,der abundances, by the_e pr_.esses, including deep stripping of craters,
l:lam.,,, and volcanic features, art" discussed in Rvf. X! 5
and in Section X of this Report.

4. Ageof Dunes

For crater-floor dune's: such ,as those in Hell'.,spontus. l i,,.- significance o| tiws.e observatior, s anti infe_,.nces
there are at h st _wo "agt_." of interest: the age of the is Ix'rhaps dr.n-'atized by a comparison with the lunar
dune tOlV)graphy and tile resideqtx, time of eolian mate- surfaco environment. The .Moon is maatled with at: ira-
rials within the crater. One possibilit2," is that dunt. pact regot.ith which shows some selcnograp:iit: variations
materials have been co,Rinuoudy accumulating in the in tbicknt.ss and composit4rm, but remarkably hom,,-
dune mass for a !oag period o[ tmle. Alternatively. there ge,wous morphologic and mechanical characteristics.
may I_,: a contin ,ous or episo.-iie flux of materials into In'pact re_oiith fonnati(.n on Mars has not bet, r eonsid-
ant] ot:t of the dun,." mas,; which is a temporaD', although ertxl to be identical with that of the .Moon; Mason (Re{.

large, reservoir of sand. If our ;nterp-etation of dark Yl-31) has emphasized that the thin atmosphere of Mars
_treaks cxteu'Jing fron_ c'aters as sand blow,.u_s is cor- will reduce the am_tmt of glass formed because it screens
reel, then tF...,residency time of eolian materials in craters out all impacting m.eworites smaller titan about lO g.
s,leh as the, e must be ratine: short.. The dune topography However, our cor.ciusion from _tlariner 9 obsela'a- L_n., is

may be regenerated on a ,tifftrent aud perhap-, n-,oh tilat there is no homogeneous impael regolim on Mars.
'd.orte- time scale. On much of th," surface it has been either mauflcd in
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cLdi,m _,md or du_l -r mt_ditie:l, i>crhap_bc_o.,id r_'cu_ni- is compc.tin_ ctlq'cli_ck _ilh other surface l_r_'csscs in
li,m. I,v _,oli,m cro>io:_. In t-.rlain ,trcas coli,m acli, m max f,_rmin_ +h_" Martian surface_ Thus. __lars no l,m_.r ap-

h,. I,.,, ,,fh.clix_,. ,rod ,in impact n._dith or pristine xo]- pears to lw a .Mt_m uith an atmosphert., but a planet
c.u,ic smfacc _ ,x ,-xi,t. Yet. in ,nu, t at, ._,. eolian action xxith dixcrse ,,urtact" i.'llVIlOllllll'llts.

k
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Xll. Sandstormsand EolianErosionon Mars
I

Carl Sagan
Laboratory for Planetary Studies

Cornell University. Ithaca. New York 14850

It is now appar,'nt that windblown sand plays a major Simple scaling analysis shows that the time for a
role in the Martian environment (Refs. XII-1 through p-article undergoing sa]tation to reach the free-stream

l XII-3; also see Section XIII of this Report). The existence •elocity is oc (pV)-', which is a factor of 10 longer on

of major particle transp'_rtation events such as the great Mars than on Eerth. However, the particle remains aloftsand and dust storm of 1971 implies the lateral transport for a period _ g-', which compensates by a factor of
of large quantitk-s of material on Mars and provides a almost 3. The trajectories of s.altating particles on Ealth
cony. aient nlechanisnl for the fiilL{gof craters--an event (Ref. XII-8) show them to rise rapidly (the time to achieve
d',eetly implied both by the crater frequency-diameter free-stream velocities) and then to fall slowly in a long
statistics (Refs. XII-I and XII-5), and by the appearance straight traiectory tangential to the grotmd. The rise t;.me
of .Martian craters. In addition, Mariner 9 h_ uncovered is (( one-third the fall time. Thus, in general, there is

a range of probable major deflationary features (Reds. adequate time fcr sahating particles on Mars to reach
XII-6 and XII-7; also see Sections XV and XVI of this free-stream velocities, and we will hereaft, identify such

Report). But because the Martian atmosphere has a particle and wind velocities.
mean surface density more than two orders of magnitude
less than the corresponding density for Earth's atmo- We attempt here a calculation of the rate of eolian

sphere, the wind velocity necessary to initiate grain too- erosion (both abrasion and deflation) on Mars. The critical
" tion will be much larger on Mars. Such fast-mosqng sand quantity is V,,, the threshold critical velocity necessary,

. particles, saltating close to the Martian surface, e.an pro- at the sudace, to initiate grain motion. Oa Earth, typical
duce by collision and subsequent abrasion significant values of V., are _20 cm see-' (Ref. XII-8; see also Ref.

-: erosion of the Martian terrain. In addition, because of the XII-9), With the usual logarithmic dependence of V.

_ higher velo^_ties of such particles on Mars, secondary through the velocity boundary layer, typical winds in a
particles, produced by edlisious with the pulverized sur. sandstorm at a few meters altitude are many meters per
face, will have sufllciently high velocities to themselv_ _ second, At V., particles about l'X)-t=mradius are set into _.

;_ produce abrasiota. Became of the smaller atmospher,.c motion. Motion of smaller particles can be initiated by
- density on Mars drag is less, and smaller particles cm momentum exchange with 100-/_m particles, but larger
. abrade on Mars than on Earth. pm_icles canner be set into mc.tion except at velocities ' ,
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V _>V,,. As the stress necessary to initiate _rain motion a consfih.ration of sand fluxes. The transportation rate of
is _p.V,. x_ht're p,, is tilt' a,qnospheric density, to _rst _altatin_ partieh's is known both from observation t.Rcf.
-rdor V.. fi_r _Mars sl,mld bca factor of 10 lareer than XlI-15t and from first principles _Ref. XII-S1 to be i
for Earth. More detaih'd calculations confirm this view -[

tRcfs. Xll-1 and NIl-10 through NIl-12k and we hence- q, :: B(p,/£)V." (2)

forth adopt for Mars V.,--2 m see-t. Correspondin_
velocities abow' the velocity boundary layer on Mars are where B is a dimensionlt_ss multiplier of order unit3,'.
mare tens ,ff meters per second, ludepcndent ex idence of Equation t2t _ives the rate of sand transport in exams per
such vclocitit.s durin_ a dust or sandstorm is provided by sccoml per unit width of lane. For erosion problems x_,, tl
.Uarincr 9 observations thefs. Xll-:3. XI 1-1:3, and XII-14: art' t_ncerned with a flux of particles in _rams per square
also set, Sections XIII. X1X. and XX of this Report). The centimeter per second. The corresponding expression is

L

: critical radius at which partich, motion is first initiated is then "

about 200/,m for Mars (Ref. XII-1). }
F -_:-(fpJgz)V2 (3)

In a typical terrestrial sandstorm, there is a clearly
discerned upper boun:larv of the sand cloud at a height where [ is the fraction of the year char-.eterized lw sand-

i - _ 1 m (see _' '_, Rvi, Nil-S). The value of : depends on storms of velocity V.. We can alse write
the rcbounclin_ sur[ace, Ab[,siou is restricted to this
lowermost nwter. The bulk of the horizopAal sand flow F _ lnmV, 3 (4)

occurs, however, in the lowest centimeter. A crude esti-

mate of : can l)e ohtained from simple Newtonian physics, where n = n(:), and m is the mass of the sahating par-
as saltatin_ particles will be entraintxl by the horizontal tiek_.
wind eompoueut no higher than the apoapsis of their

ballistic trajectories. Adopting the common approximation We note for future reference that if r is the normal
that the vertical compmten_ of the wind is almut one-fifth incidence optical depth through an aerosol-filled atmo-
the horizontal c_mponent, we find sphere, n _ br/erz, where b is the cross-section weighted

fraction of aerosols in saltation rather than suspension,

z = O.02V,:/g (l) and _r is the geometrical cross section _ _a:. Thus,
alternatively.

where V. is a t3"pkal horizontal wind velocity within the
F _-- ([mbr/,rZ) V, (5)

sand cloud and .'.zis the ac_'eleration due te gravit 3 . For
Earth, a typical value of V. in the lower boundary layer
when V., is just -cached at the surface is - 6 m sec -t, Contbining Equations _,3)and (4), we find
implying z _ 10 cm. For a sandstorm, V.-_ 20 _ee-'
implies z _ 1 m. Equation (1) should provide an upper n = (p.,V.:/mgz) (6)
limit on z xxith;n the uncertainties <,n the rebounding
surface, but the trajectories of saltating particles (see, e.g., For Earth, V..-- 10 m sec -_ and z --. 1 m yield n - 700
Ref. XII-8) show them to be entrained within a factor cm-_. This figure is consistent with the common deserip-

:2of their a_oapses, tion of visibility s < 1 an in an it,tense terrestrial sand-
storm: n "- (r/,rs) ,_ 100 cm-_.

Equation (1) can therefore be used to make a crude
estimate of the sandstomi heights on Mars. For V. Likewise for Mars, V. -,, 50 m see-' and z -_ 100 r_

30 m see-', : ,,- 5 m; for V, _ 100 m see-', = _ 50 m. yield n --, 8 em-3. The larger sandstorm thickness and
At the peak or a Mart'an sandstorm, V. -- 150 m see _ is lower atmospheric density dominate the larger velocities
probably not excessive, corresponding to a surface ve- and make Martian sandstorm densities less than ter-

locity only twice V,_ in some formulations. In this ease, restrial values. From the speed of fallout of the 1971 sand
z -, lO.O_m. Accordingly, we adopt for majol Martian and dust storm, it is likely that b > 10-2 and possible that
sandstorms z --, 100 m. Under conditions described below, b > 10-'. During the storm r >_ 2. Thus, naz > 2 X 10-2
even higher values of z may prevail, and possibly > 9. × 10-_, where n > 2 X 10-_ em-: and

possibly > 2 X 10"2cm -_. Finally, Hertzler (Re[. XII-16),
Fram, alues of z we can derive typical values of n, the in ;, ind tunnel experintents discussed below, generated

number density of saltating grains in the sand cloud, by sandstorms under simulated Martian conditions wRh mn

1
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ran_in_ fro,u 10 ' to lO "_ cm . For his lO0-_m particles, w'lucity distribution fum'tiol_ of sand _r-dns to approach
this corresl_mds to n between I0 ' and 10- _ cm . Tb"s. Y.laxwell-Boltznlanh statistics. L'nlike a nlolccular gas. this

the r.'a]_:U],ttitJtLs d/it] tJ,t O,,._t'l".-.¢,,'_,,0,'.':"_; "::'[_I.v .rO-,ddx'_..,..._m-. _and _rain -a_-. is ]ar_vlv two-dimcnsiou,d (hi the pre- [,
sistent valut.s of tl. VCt. adopt for Martian sandstorms vailin,z wind directionL and the collision_ are much less
n _ 10 _-' cm . inclastic. Tht' followin_Z brit.[ discussion, asstmlint_ strict [

.MaxwelI-P,oltzmam, statistics, rel)rt'_erds only a limitin_ i
The two cru,l,., t'stimates of z embodied in Equations case to the truc .Martian sandstorm. For V. _ 100 m sec'-L

1) and (6t imply tilt' kinetic temperaturt" of the sand grain gas is _ 10-'" °K. _.
Because of the logarithmic var;ation of ,'elocity through

n -- 12p../m) t7) the boundary layer and its sh,w variation above, tilt" grain '
-_as will be approximately isothermal with a scah' height.

-:'hich ¢ield. both for Earth and Mars. values of n (150 tL just equal to the molecular ,'_ scah' height of the. -"st"

j and 0.2 ,m ' respectivel.v) consist,.'nt with the above .Martian atmosphere. It > z now because of the hi_h-
" estimates which involved explicit choices of V.. Equation veloci_ Maxwell tail of the distribution tunction. Tile

(7_ expresst.'s the c_nditio_l that the enert_y density of the partial pressure of the sandstorm particle.- at 100 m see '
atmosphere. Out. to Imlk motion, p,V.:, equals the kinetic is _ 0.3 rob. Other properties of a 10-"':K two-dime,_sional

' energy densit.v. _-_'nmV.:, of the saltating grains. -,rain _as in contact with its condensate at -,- 0°K will be
described elsewhere. The primary conclusion is that

Beccu::e the eolian abrasion rate goes as a high power grain-grain collisions produce a high-velocity tail to the
of V.. information on the highest velocities available in velocity distribution function. For Maxwell-Bohzmann

a sahdstorm is important An absolute upper limit on V. statist:cs _1% of the grains for V. _ 100 m see-' will
is 310 : 1 -- 200 m see-', only a factor of 2 larger than be transonic (betaveen 31a = 0.9 and Ma : 1.0).

some anticipattxl sandstorm velocities. Saltating particles
striking the surface eject into the ahnosphere SUSlX'ndable We have ,:ientioncd that the rapid decline of the 1971
dust grains too small to be pickt,d up directly by the storm implies, through the Stokes-Cunningham equation,
wind. This momentum exchange results in a small frac- saltating grains as an important source of opacity. The

• tion of the dust having velocities in excess of the saltating fact that only the tops of the volcanic peaks in Tharsis
sand. This is one reason that the erosion rate may be were visible by Mariner 9 in September and October
w,.ighted toward partich's with V > V. 1971 suggests that sand grains .....re then aloft at altitudes

of about 10 kin. consistent with the z _H derived ho_,,.

There is another, l:mre entertaining, possibility. The
Clausius n, ean free path for grain-grain collisions for all The collision cross section, ,,, of the grains is also
particlt_s with the same velocity is approximately the absorption cross section for photons.

Thus, the condition x < z for irequent collisions and a

,_ : (0.75/n,r) (8) high-velocity tail also corresponds to the condition
br > 1 f" a substantial optical depth in saltating par-

The number of particles with free paths shorter than x is ticles. It is possible that the grain-grain collisions con-
1 - exp(-x/,_), so 10% of the grains have x < 0.1_, etc. tribute to the se]f-sustaining nature of the sandstorm.

The horizontal displacement of a saltcting particle is, During the storm, the energy t;ensities of salta;.ing
from Equation (1)and : _ _-.,gt-', part "i,'s and of atmospheric motions of gas are com-

parame [cf. Equation (7)]. For saltation over 10% of
! ---V., _ 0.2V.-'/g _. 10z (9) the area of the planet, a few weeks of solar insolation

provide enough energy for V, of a few tens of meters/

which also corresponds to the observed trajt_tories. In second. This time scale is consistent with the observed
the 1971 Martian sand and dust storm, x _ 80 m [for time scale for generatiot: of the 1971 Martian storm. We

n -, lif t cm-"] <<1. One-tenth of the particles encounter note in passing that Equation (7) for x = z and Equation
more than 100 collisions in a single equivalent trajectory. (8) yield z ... (pe/p,)a -..100 m, where pv is the particle

bulk density --_3 g cm -'_.

Thus, the circumstances of large numbers of grain-- i
grain collision, uncommon on Earth except in the densest I have been unable to find a published analytic ex- _

sandstorms always ,._ limited areal extent, may not be pression for R, the rate of sandstorm _lian erosion near !
uncommon on Mars. The net result is _ tendency for the a planetary surface. R clearly depends on a high powtr . ,

dt l
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of th_ lre_'-_tream .,,and_torm x_.locit\. V.. A f,u.'t_u"_fl tlon fi_r tlw ratlo }>ctx_t._.nt}: • qu.mtit._ o: sand _'t ivt,_
V.- arist._ from tlw kinetic cnvr,.z,._oI- imp,u't. An addi- motion in hi_ wind tuml,'l and in n,du,c. _' fil,l Irm,1

tion.d l,tctor ot _'. ,irises flum th,. Jt-l)L_,,,,,,,,,,:.......,,¢,l..:t• v,.,ti( u.l,. H _ 3 2 • 1() cm _t'c ,u V. I I Iii _tc .
flux as a numl)cr dcusitv ot particl,.,,. _. times a v_.loc.itx. In t},. samnt' CXl,crimt,nt, u_h,_ the ',ainu ,.a,ld _l.tm,

Furthermore. _l may ihcrt',tsc with a poxx(,r o! V.. th'. .l-ram di.un:'tcr_ at l_t,auh_rt l:,_rt.t, l(I., _..5 mn s_•t• '1 1_
pendin_ on tl,' xcrtical hvi,zl,t _,t ti,' sandstorm Tht' i( _ 2:2 I0 - cm s¢.c. is found. Tins corr_',p,,ml_ t_ l_
etlicicncx _ff almt,.i,n a_so m,,x incrva,,c xxith V.. xA'c ,. .5 it : and ,. are im.t_;m'd indt.pcl_dt,,t of V.. c_mfirm-
anticipate R _ V.'. x_h,•rc, >_:3. in_ the ith..ts behind Equ.tti,m t 1:2_.In .tn,_thvr '\p_.ri-

mcnt in ,t circuit h,.m_cl, summ,uizv, I in "l'ahl_. -" ,_t Hcf. l_i

One cm- of rock cm_tai_,_ -a - c'.lt, ivah'nt compo_lt•nts, ._1]-17. , a_,dn varics I)t.tw,.vn 3 ,w.l b .x,.:" a ,,od,.,t
each tht' sizt • of the s,dtatin_ particles, assum_.d to r.m,_c in V.. Er _siou rat_•_ in a third cxlwrimc_t, sum-
bt' of uniform radius a. Thcrt.t'ore. uach target of this marizcd in Ui_urc 4 of Ref. Xil-17. imply _ _ 4 " 10 :

;ze is collided with cvt•rx t ma :,'F seconds, a quantity cm sec : for /: - 1 at V. _ 13 ,n _t,c '. "Chert' is _omt,l
mdVl>cnth'nt _f a. lh'rt' m is the l)artich' mass. Ahnost variation ,tmon_ tilt. results obtaint.d in diff,'r,'nt xxaxs
ind_,pcnth.nt of flu. mint.ralo,,x,., the bond spacin_ is on by Kocnt.n. a x, ",ti,m easily undt.r,tood in tcr ns of thu
the' order of 1 A. Assurer t•ach bond has ;u: efft•ctive diitt'rentt•_ in hi_ prot,'drcs. In xomt• case, _,r_si_,_ of

enur_y E _ 3 eV _ .5 ; 10 '- cr_s. Tllt.rtlu|t'. ill tilt" rot,k b, sand is bein,,, mt'asured: in oth,•rs• of tilt' sand
equivah._t cross-sectional arua o1: an impactin_ particle, itself. The results his Tabh, :2 suggest th,,t when tht'
tilt' erodin,_ face has _ 10_"a-' bonds, and _ 10";a-'E ergs soft parts of sand _rains were eroded aw,ly th,. el|iciency
per face. As there are five faces conncctin_z an ex_sed o_ subsequent abrasion declint'd. Cotnlfinint_ Kucnt'_t's
target xolumt, to dw rest of the rock of which it is a results with Equation . l l) to dt.rive '1-we find

: part. _5 Y lO"a-'E er,_s art' n,'et'ssao for dislod_em, nt.
Tilt' numl>er o[ impacts necessary for dislod_,'ment is 4 × 10' _ ,y(_rains)--:4 ",_IO-'

(13)
till. ratio ol: thi_ ¢lual_ti.ty to the kinetic _'ncr_y per saita- 4 _ 10 -± ,_(rot.ks) " -1x 10-'
ling partich. An efflciencv facto- ,y has lleeu introduced

i to t_lleet in one place tile ._ept-Ildtmc_' of tilt' abrasion A_mther test of this forlmdation is pro_idt'd b," wind
on the- target Londipc.. elasticity, anti coml_sition, and tunnel experim_'nts performed l)v Ilertzlt_ - _ilef. Nil-If)

m tilt' con,position .rod shapt, of the saltatin_ partielts. It in tilt" .McDonnell Aircraft 14-foot envirtmment simulator.
represt.nts the fraction Hi the ,npactin_ kinetic energy Piles of silica flour in the size range of I to I00,m and
corn erred to abrasion. Thus. white su,ff.arsant l. ill the size r, agl. of 100 t() 700 t'm were

subjected to t:pieal Martian surface pressures and high
R _ i.O_ 10 ':(,,I(F/E)V,-' (101 _low velocities. The velocities measured r:'fer to some

constant h,,'el wlth.;u the velocity Imundarv layer, but
Co,nlfinin_ Equation (101 with Equation (4) yields experiments also were performed on the thr,'shold veloc-

ities under Earth ambient conditions. Because w," know

R = 1.0 × l0 ": (a,lfnm/E)V.' (111 for t_le partieh, sizes in question that the critical thresh-
akl velocity is _2(1 em sec -_ (Ref. XII-8), it is po...,ible to

while Equations (101 and (:3) yield scah, to first order tiertzler's repel'ted velocities to Mar-
tian surface threshold velocities. The comparison i_ crude

R : 1.0 × 10 ': (a,_fp,,/_zE)V," (12) and differencts between boundary layer physics of Mars
and Earth will enter; but these efftcts are unhkely to

Whether we cx)nsider v = :3or ,. _- S depends on whether sig'tifieantly affect the first-order results. Hertzler fi0ds,
we hold n or z constant. Because z ocg-* R is indepe,_dent for particles within this size range, :';:]u'.'s ot: V.t between
of g. We now compare our results with observatio,a. 1.3 and 2.9 m see '. This range includes the ex'trentes of

the t xperimental nncertainties, and a nean value of
Kuenen (Ref. XII-171 experimented on the production about 2 m see -_ in agreement with other theoretical re-

of ventffacts hy sandblasting hard rock in a wind tunnel, suits soems appropriate• Doubling the ambient pressure
Erosion was detertnined by weighing, In a typ,.'cal expcri- almost 4oubles V,_, a pressure dependence slightly
met at Beaufort Forte 6, a mass loss Am/m = -0.06 w_,s steeper than conventional theory implies (see, for exana-
accomplished io 2700 experimental hours. Tins corre- ph', Ref. XII-I). These wiod tunnel experiments find that
sponds to xa/a = -0•02, an2, .%r an initial 300-g rock, larger flow velocities are n.eedt,:l to saltate smalh,r par-
to a loss of 9.2 X 10-: era. El, adopting Kuenen's correc- titles, as eonvtational theory predicts. ,,
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|h'rtzlcr also p¢.rformcd exl_eriment,_ op abrasion, fi)r \Vc t,m also estimatt, crudeh the eoli,m deflation :flux.
instance ,ff alun,inum sur|accs coated with zinc oxide. 1".. c_f saltatin,_ particles on .Mars, From Equations (2) ._,

In one experiment partich's x_ere transported at V. __ 160 and tg). _,
m see ' wltil a nt,mbt'r d_t,_it5 li _ I0" era- for 16_1

sec. A l-rail zinc oxl(h' c_ating was completely eroded. F.: ',[p,,/,.Z'IW. _ 5[p,,V. (15)
and sul)_t,mti,d abrasion of the underlyin_ aluminum

was ohserved. Correspondin_ fi_ures apply to many other This leads to very high valu_ :o; deflation. But saltation I_
surface coatin,zs. The oxcrall ('rosion rat,' is al)out 10-" ensures, in the most _eneral ease, a m .,_-, _.rium

cm sec L or so),;cwl,,at lar,,'er. Comparison with Equation betxxeeu dettatiou and deposition for saltatihs .a_ _clcs. [
Illl tor llcrtzh'r's n. tt. _md V. _i'_t's '/ _ 10 to 10 ' not The rate-limitin_ step tht'n is not defl,:t;_;n, )ut the i

; si_ni_cantly dilh.rt.nt from the ,I (rockl values from avoidance of deposition. Topographic control cf defla- [l

:; Kuertcn [Equafi_m 113t]. tionarv hollows thus seems to he of importan,'e. The

i deflationary ituxes F,, art" grams per second per unit

i What velocity is necessarx fi," a sin_h' incident partich" surface area. and should he ¢listinguished from the salta-
t,, tlish,d_e its mvn massy From the discussion leadin_ tion t]UX('.',;, F. discussed earlier, which art, grams/second

to Equation _10,. this critical velocity V., -: (10': ,t"E/ per unit area normal to the saltation. From Equation (4),
' m,/f _. For the numh;.rs we hacc already emph)ycd, typical valuts of F for Earth are _10-' particles cm--'

V., _ lqq -'= m see '. For ,/ _ 10 . V., --- 440 m st,c-' _ _t'e '. ar, for Mars the same value for n _ 10-' cm-".
Much 2. Also V., = a-'L Thus. no grain moves at V.. on
Mars The low values of 'l for both Earth and Mars may Because of the V' dependence, it is clear that places
be rHated to the fact that cumulative impacts are notes- on Mars which tend to have unusually high prevailing
sary for dislod_emeut, u inds may have significantly greater eolian abrasion and

deflation rates than places otherwise comparable but
Inland winds of Beaufort Force 6 hlow on Earth a with !ox_er wind velocities. A factor of 2 in the prevailing

fraction [ _ 0.02 of the year (Ref. XII-18). With ,j = 4 × peak winds is worth ahnost an order of magnitnde in
10- and t, _ 100 era' we find that, if dense sandstorms the erosion rates.

1 are stirred by such winds, the)" produce an erosion rate

--- 3 A set ' in the lowest meter. Such sandstorms are not These erosion rates imply that small craters on Mars
frequent on Earth. and aqt,eous and other erosional with dianwters below a few tens of kilometers, esl:ecially
processes dominate, those in highland areas, have ages much less than the

a_e of the surtace of .Mars. This is consistent with the

On Mars the astronomical evidence ._ug_ests that sand- cratcring statistics and the morphology work of many
storms are ,inch more freqw'nt. Tht i971 planet-wide authors (see, e.g., Befs. XII-4 and XII-5). For example,
storm lasted for [ > 0.15 a Martian year. There is evi- Chapman ct al. in Ref. XII-4 find, for craters 10 to 25 km
deuce that such storms occur every perihelion, although in diameter and for some models of the distribution
generally with shorter duration. Because of collisionai function qf impacting objects and cratering physics, ages

injection ot: high-velocity su.spendable partich's into the of tens to hundreds of millions of )'ears, quite consistent
atmosphere, and c_llisional approaches to Maxwell- with Equation (14). These results also imply that large
Boltznmnn statistics, I take the effective V. for abrasion volcanic piles found on Mars (Ref. XII-19) are probably

as 5fy.to 100 m sec-L With _ -,, 0.1. 'l "" 10-', and n - no more than hundreds of millio,_s of )'oars old, especially
10-' "'_era", we find for Mars in view of the high-velocity slope \xinds which should be

generated in their vicinity (Refs. XII-20 and XII-21).

R- 10 '`'-: cmse'.'-' (14) This conclusion is in accord with the ages determined
from the crater densities on the slopes of the volcanoes,

This large number applies to present conditions. In other normalized by the Phobos aod Deimos cratering densities
epochs aqueous erosion may have been more important, (Ref. XII-_,2).
and eolian les_. The chief re,certainty in Equation (14) :_

is in n. As the sandstorm height ranges from 100 m to For the erosion of very large objects, abrasion may -_
8 km on Mars, abrasion there can play a major role in produce slumping of, fot example, crater ramparts or

] the erosion of nwjor features, not excluding production mountain bases, without entirely removing the relevant
of the cliffs '._t the bases of large Martian volcanoes, geometric forms. Our eolian abrasion rates are *urge

where n should be large, compared with terrestrial eolian rates, but comparable 1
¢
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to or smalh'r than terrestrial aqueous erosion rates. Just (h. results :dso apply to questions of the sterilization "

a_ ;najor tectouie features art, not rapidly leveled by such and survival of space vehicles intended for landin_ on
erosion _,_ Ea, th, tl, x q;_ndd _urvive ,_,di.-n ahrasim: Mars. With an erosion rate of about I em yr ' an un- I.

on Mar, sterilized spacecraft deposited on the surface of .X,iars [iIt
would after some year, l)t" erod-d to a depth ,)f centi-

: Nevertheless _.Olllt' crater-poor terrains may be pro- ,rioters. thus releasinff all unsterilized organisms within

(luted entireh I)v eolian erosion, rather than by other the surflcial layer. On the other hand, ahout :_ erg is 1_

processes which have been postulated to date. Th(_e released per in;pact event, and some significant fractionerosion rates are stdfit.iel _[y_reat that differential erosion of that should go into heating. It is therefore likeh timt.
of hard and _oft rock parts should be marked. Numerous because of the high values of saltation velocity on Mars. l_

: ventifacts of the sort descrihed for eolian re_imes in " 1,
- erosion event_ are self-sterilizing. The abrasion rates also

; Antarctica by .Morris et al. (Ref. XII-_'_) may be pro- imply" the entire removal of some v-tricties of spacecraft
: duccd. Because. as Morris et al. stress, some of these _urfaee coatings during a nominal 00-day mission. This
{ ventifacts have a marked artificial appearance, there exist is another reason why times and place., of low-velocity
i possibilit, s for misapprehension about the nature of Mar- winds should be selected for spacecraft landin._s.tian landforms as viewed from a hinder camera or hilzh-

resolution orbiter camera
l These high abrasion rates, combined with the high

In other regions the wind velocities may be much le<s, expected crater and negative relief filling rates, imply
and in these regions we may see very old craters of that we see back only part way into Martian history at
modest size. The combined analyses of numerical cireula- scales of hundreds of kilometers or lcss. Thus, if ".'e_' old

" tion models from temperature _..iti results from the infra- small volcanoes on Mars were absent, this would not

I red interferometer spectrometer and streak statistics argue againt ancient volcanis,a on the planet. The ab-
imply that. for ex:unple, equatorial wind regimes may sence of old sinuous channels does not argue against

'l differ from hie,h-latitude wind regimes on Mars. and that channel preduction mechanisms in the early history of

i the winds may vary greatly from place to place on the the planet, and _o on (Ref. XII-4).
surfacc (Ref. XII-3; also see Section XIII of this Report).

Accordingly future crateriu._ statistic studies directed The amount of dust made available on Mars by this

toward detcrmining erosional processes should not per- abn:sion can be considerable and, depending on the rate
form global crat'..ring averages, but should be performed of tt_,tenie construction of nt,w surfaces, may be not

region by region. "haconsiderable compared with other sources of dust gen-
eration such as micrometeoritic infall or fragfiaentation

Hartmann (Ref. XII-24) has derived, from his exana-
ination of Martian cratering statistics, the result that there during crater formaticn.
was a discrete epoch of high erosion after the initial ac-
cretion of the planet but he',ore later cratering events. If the Martian climate is unstable in the senso of hav-
This view is not operationally distinct from the implica- ing episodes of abundant liquid water, ten_perature
tions of this section which are that significant oro- gradients during each epoch should be much more mod-

sion and filling of craters have occurred contempora- crated than today and wind velocities should be much
neously with their production and since the accretion less. However, aqueou_ erosion processes would then
of Mars. occur.
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Xlll. Variable Features on Mars I1:
Mariner 9 GlobalResults
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One of the principal objectives of the Mariner 9 mission Systematic obseivations have been made of a large
was to examine, at high resolution and cxte_ led ti,ne variety of splotches and streaks during the mission. In
baseline, the long-observed surface albedo variations on many r ses, all three photometric angles were held
Mars. The preliminary results of this investigation ha,_,e closely constant so that true variations in the albedo of
been presented by Sagan et al. (Ref. XIII-1). The time- these markings could be separated from changes in
variable Martian dark .,reas and representative semi-tone shadows and the effects of the surface scattering rune-
areas were found commonly to be resolved ,.'nto two _._nc,s tio-_. These ub.'ervations were designed to detect relatiw' _

of fine structure: streaks and splotches. Most streaks albedo changes within the field of view. No conclusions
emanate front craters, although some begin at positive are based or_ absolute l'notometry. Major variations in
relief features. Bright streak_ tend to be long and narrow; splotches and dark streaks were uncovered with a char-
dark streaks are shorter a_ld broader. Typical streak acteristic time scale f,_r variation <2 weeks in many I

lengths are ten of kilometers. Splotches are irlegul_r cases, variations on a time scale of_ day were sought;
markings that exhibit a significant tendency to be l,'_ated such rapid variations must be relativelv uncommon, as
inside craters, often asymmetrically against a c_tet wall. none were discovered. No variations of bright streaks,

Bat larger splotches may wash over crater rampar,s or'to either in productior, o,' dissipation, were found. In sev-

_" adjoinhag terrain, e,. locales, most notably 8yrtis Major, the configuration
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ot dark and bri,aht streaks corresponds remarkal)lv w,.ll which the mappin_ was based were Ozalid mosaim of ':
to the c],tssical Earth-based configuration of the dark widt an_le picturvs prt.pared I,,-,.the Astro_zeolo_v, ,_3ranch,
,trea xxlneh thc streaks ct,,._titutc, Ob._t'r:ed t, '_p varia- L'.S. C,eoloe.ical Survey. In addith'q to bein_ a comenient

tlons m tht distr;butim; of such _trcak.s concspond to (.,ta ',ourct', _or example, alloxx:,', easv mappiL_ t,t

re_ion_ in which the albedo variations were previously streaks whicli traversed wide-ah_.t t_ietmc bound, rie_.
' obscrved f,'om Earth. Sa'can et al.(Ref. XIII-1) proposed it also limited our effec'tixe maximum ,h'tectable st.eak

that tilt. di.,tribution and time xariation of streak_ and h.n,ath to about 1() kin. There are many smaller streaks to

. splotches are the causes of the :.lassic.d seasonal and be seen Oll narrow-antic pictures, hut Mariaer 9 has l,ot
sceular variatimls of Martian alb,'do markin,zs, provided adequate narrow-an_le ,oct'raKe of Mars t)

permit useful hi,h-resolution streak mappinz. The t
Two principal h_pot}wses were pro F " , m pro- mosaics cover the time interval be_'-vet'n revolutions 101

1 Mariw_t'r9 days to explain these v,,riat_ons: biology and a
_, "" and 229, correspondin_ to L_--:320 ° to .'35:3°, or late
t xxindblo',v,1 '.q.'.t. While convincing evidence against
} bioh),aical explanations are ,,ot forthc_oming, mainly bt- summer in tile southern hemisphere. Our results apply

cause a wide range cf propc,rrizz can be proposed for only' to this season.
h_potl,etical Martian or:_.,nisms, t! e evidence of Ref.

• XII!-I is .str(,nelx in fa¢or of ,,'i::,,,_m)wn dust producing Qu'_te different results may apply to other seasons.
! streaks pnd splotciws and their time variations. A range This is indicated bv tile fact tl...at only tim appearance
I of explanations of the st, % and splotches was men- of dark streaks, never the remora, of dark streaks nor

tioned in Ref. ZIII-1. For example, bright s,reak_ might the appeara:, .,, of b,.:ght streaks was observcd during
be produced by bri,_,ht dust trap,,ed in negative relief this time interval. Such a situation ,-annot continue indefl-

dust sinks (such as crater bottoms) in the waning stages nitely if Mars is to maintain the general Earth-based

of the dust storm, and subsequtntlv deflated by strong appearance it has exhioited for more than a centuD,. On
gusts. Or fine dust, deposited umformlv by a dust stor,u, the other hand, the frequency ot alteration of streaks
may sullsequentl.v be stirred up. suspended, and blown observed must represe:at ,ame integration of streaks

away because of collisions with saltating graips, every produced recently and streaks produced at some more
where but in the let' of cr tter walls where the wind remt, te times, perhaps on the order of ! year intothepast.
velocities art. loss. Examples of both of these cases on
a smalh,r scale are known in Antarctic dry valleys (Ref.
XI'I-2). Alter:_ativeiy, dust darker titan tb-, mean :,lbcdo Streaks were mapped by four differect co-authors of
of a given area might be layered down by tin wind from thi _--.etion, with signLqcant overla F among their counts
a prevailing direction everywhere lint in the lee of crater tc g mrantee no major systemati, errors caused by per-
ramparts. But in these cases, as with other explanations sonal equation. The relative nmnber of marginal streaks
ot the streaks, they will point in the direction of the wind proved to be f,'w, primarily eases o.n the borderline be-
flow. Thus, it was proposed in Ref. XIII-! that the streaks tween short streaks and long splotches, spilling; over
may be natural wind vanes and, possibly, anemometers, crater walls. The final streak maps were carefully proofed
placed down on the *lartian surface, against the original compilations. In the present study,

we are concerned only with the weather vane, not with

In this section, we present global maps of the ,freaks, the hypothesized anemometer, aspect of the streaks.
streak/splotch correlations, and a comparison of wind Accordingly, strea[" leagths are displayed on two scales:
flow patterns deduced from these maps with results on the short arrows correspoad to streaks < 60 km long:
the general circulation of tile Martian atmosphero. We the long arrows correspond te streaks > 60 kr,; lo,_g.

derive a new estimate of the wind vdocities pecessary Dark streaks are represented by solid arrows, bright

to initiate dust movement on the Martian surface, exhibit streaks by dashed ,.rrows. The resalts are displayed in
detailed examples of variations in three regions of .Mars. Figs. XIII-1 through XIII-7 in Lambert conformal and
and present new conclusions on the mechanisms of x_rod- Mercator maps. There are _ome where the number of

initiated albcdo changes, parallel streaks was so great in a given small area that

representation of each streak on maps of this scale would

A. GlobalStreak Maps have been impossible (Fig. 16 of Ref. XIII-1). In such
cases, all regions of great arrow demity, only a repre-

The entire surface oi Mars was mapped for streak:, gentative sampling of streaks is indicated. No loss in
both bright and d,_rk. The primary data product on gemrality for streak direction results f_om this eonvention.
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Fig. XIII-1. Streak mips of Mars. Soil# arrows relxet.._ntdark streaks; dashed arrowsrepresent bright streaks. The arrow length ts
• about four times the streak length, but is a_pmximate. ;'tie shortest arrows shown (2" of '---'.iludelong) repreie_ntstreak_ _ 30

k_ in leng_,h.Regionsof the pJanetnorth of 50"N would not be mapped for streaks because of obscurat_onby the polar hood.
The abse,ce of streaks in tttese regions, evident in Flgs. XIII-1 and XilI.2, m_y not be real, (a) 5_.C-2,(b) MC-3, and (c} MC-4.

_s.,[ _.

',' SOUTH SOUTH SOUTH
i_ _lc.;_ lb.,M(;..6 (_)_v,(;-7 "

i; Fig, Xlll-2, Streak mapsof Marl (a) MC-S, (b) MC-6, and (c) Me-7,
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Fig.Xlll-6. Streakmapsof Mars:(a) MC-24,(b) MC-25,and(c) MC-26.
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Fig.Xlll-7. Streakmapsof Mars:(a) MC-27,(b) MC-28,and(c) MC-29.
%

Figures XII1-S and Xill-9 show the streaks in Mer- to the distribution of constituent clark streaks. In Fit_.

cator projection on Earth-hased albedo and Mariner 9 Xlll-!i, we slmilariy plot the distribution of streaks in
topographic maps, respectively. The existence of the the "cicinity of Solis Lacus, a well known _easonal and
north polar hood and an apparently real paucity of secuhu" variable. The Earth-based outline of Solis Lacus.

; streaks in the south circumpolar region for the L, of circa 1969. after the Lowell Observatory cartography,
these obser_'ations is the reason for the blank areas in also is shown. Consklering the variability of this feature,

the north and the absence of streak maps for regions the agreement between the classical configuration anti #

. soutl, of --65 °. In Figs. X111-8 and X111-9, only the the locus of streaks is excellent, consistent with our pre-
prevailing streak direction within each 10° by 10° grid vious conclusions. We propose that marked secular

• , squ.tre is shown. Where there are two prevailing direc- changes in Solis Lacus [see, e.g., Ref. XIII-8, p. 140] are
tim_s, l,oth art-._hown. As indicated in the rosette diagram due to extraordinary wind regimes, redistributing fine
[o" tile Soils Laces rcg!on (Fig. XIII-IO), one or two dust in this area. Other factors being equal, small dark

',: 9_evailing directions arc almost ahvays a good approxi- regions surroun-led on all sides by bright areas should
' motion. Where there is a notai>ly high density of streaks he more susceptible to eolian secular changes (Ref.

i in a grid square, it is represented by a thick arrow. Wind XIII-4). Ultimately a reconstruction of several different
directions have heen plotted for both bright and dark wind regimes, a kind of eolian stratigraphy, should be
streaks, which in some regions give concordant and in possible from data such as exhibited in Fig. XIII-11. We
other re,_ions discordant directions, probably because return to this subject elsewhere.

t: they have been produced at different times.

In addition to specific cases, such as Syrtis Major and

; B. Implicationsof the Streak Maps Solis Laeus, we see from Fig. XIII-8 that the global
- distribution of streaks corresponds well to the general
, We have previotlsly shown (Fig. 16 of Ref. XIII-1) configuration of dark areas as viewed from Earth. In

,that the configuration of Syrtis Major corresponds well these figures there are many cases where two different
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LOCAL TI,',_E

Fig. Xlll-12. IRIS wind fields determined from pressure-

_": t _oo temperatur_ profiles of the Mart;_n atmosphere. The season is
summer in the southern hemisphere. The wind direction is into
the grid points; a wind vector equal in length to one grid spac-

s_"_L t S '_° ingcorrespondstoavelocityof8Omsec-' (courtesy of J.A.:,_- _. Pi_raglia).

350_ Oo 10°

• EAST

Fig. llll-lO. Rosette diagram of the wind streaks in the Solis
Lacus region shown in Fig. XII1-11. Plotted is the number of
dark and bright streaks as a function of azimuth•

,:. - ,, _., -_ ,,; . . "- -___. ./. _ • ; .. . -.,. ..

. -."- , :,_,,_X_I_IL'-_ -_,_-"J_w_: "_T__j._ " ,'_; '., \'
, ', f_!_'_" _ _- _- , "_" "_ ' '

, .. _,_,,,..,:_._#'_]___' "..__- ' "_.-_ p�'-_ <9,:< '

., . • ' I -'_ __\ _.,-_ _ , , ',.
i_-_'::_.':_,,.T ._-) k __ ___{ I ....."-,,,

I 40 _X)' '_D' ' " 80' 70* bO" 50" ' ' ' .... 40"

Fig. XIII-1I. Streak map of the Solis Lacus region of Marssuperimposed on an Earth.basedalbado map of the area. Solid arrows
represent dark x_reaks; d,_shed arrows r_present bright streaks• The arrow length is approximately four times the length of the
streak. Where m_ny similar streaks occur close together, only one is shown with a number indlcsting the number of such streaks.
Craters with short Incipient dark streaks are mapped as circles with short arrows in the direction of the incipient tail.
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tt-_ dn'_cti_.'t_ .trc ii_ _.x.h't_t_' \Vc ;:,_,.'prel thi. a. tb...' p.._t_,r]v lhr,v _o_,,p.m..I ,it latitn(h.s all ta 40_S. Thi,',
r_'rml,.it_ _fl ll.. il_x_ rc_iln_'_ m tl. \larthm atm_sphere i_ the latitude r.m_e and i.itial directirm of How of th(.
jll lx_. ddt_'rc.! ep.cl,_, pr.b,ddy two di'h'l'ent ",:'a_.ns. 1971_l_bal dn.t st.rm, and it i,, n.t impo.sibh' that this
It .d_n i_ p._.dd_, thai a _ubs_t ot ttow dir_.chm._I)_.lon_ tto_ comlu)u('nt Is a marker ot that storm.
to ll.' _rc,tt l_ffl du,,t st-rm and is cot typical of wind

[),tttt,rn._ _t, the th.t,llcc ot _lol_al storm _ystems. ()tlwr peeuli,lriti,'_ max 1_' cmmected with topography.
"Flu,re is tht' al)l)",lranc'c' n[ radial flow away _rom a

Ill the latitude band I)etwt'en 2()°N and 20S ill Fi'ds. r_'_lo:l eent_'r_'d at .5 N. IIO:W. This l,; tilt' area tit
Xlll-:3 ,rod Xlll-5. there is a oh.at wnd('nc, v for tl.' ttow "l'h,_rs]_. the hi_l.'st re_i,)n on \lars. File itow markers

t_ t)e trom th(' .ortheast north of the ¢'quator and from s.u_¢'st wind transport downhiil here. aithou_h this is
the northwt'_t snuth ot the equ,ttor. Thi_ pattern com'- not the p,','dicted th:w dirt'ction in the v_einity of such
spon(Is to the /.tm;tlh ax'craged surface wind ca',culated _'h'x'atimls ill ('urrt'nt theories (lurin_ dayti,_e Such (Iox_n-
hv I.eox-_ and \lintz II:[t't. Xtll-5_ for southern hemis- hill th)w_ are colnlllon till Earth at night, how_,vt,r, lw-

pher¢' summer. It also appt,ars in the wind field maps cause of r,_-Jiativt' coolin,., of the _rr)tmd. A (livt'r_t,nc'e or
(It:rived from the Mariner .9 infrared interfcronwtur I_ifurcation of the Ih_w patterns near 20-5. IIO:W. se, _.s

spectrometer (IRIS} experiment (Fi_. XllI-l°). The IRIS to be eonnt'ctcd with the presence of rou_zh terrain there
wind fields are determi_ed from the pressure- (Fi_, Xlil-3d): the w.uds appear to move to avoid the
temperature profiles obtained by inversion of the infrared routr,h region.
emission spectrum. The results above the surface bound-
,.,'v layer di_pla.ved in Fie;. XIII-lO were derived by The precedinK resuhs provide us with a new estimate

I Dr. J. A. l_irra_lia _cf. Fiefs. Xlll-6 and XII1-7; also see of the threshold velocity m,cessary to initiate _rain m_-
Section XX of this Reportt from temperat.res durin_ tion on tilt, .X,lartmn surface There is a modest variation

. the dust storm. An approximate dynamical theory is among various recent estimatc_ of the critical velocity. V
used. It is espt'eiallx" importa_t for our purposes that: above the surface boundary layer necessary to initiate
;1) topot_raphy ix ne_h'cted, and (2) tilt, results art, most _rain motion on the surface. Sagan and Pollack tRefs.
uncertain close to the equator. Winds at the equator art' Xlll-12 and XIII-1.3; also see Ref. XIII-1} tstimated this
prol)al)l.v overestimated. The general configuration of the veloeity at about 65 m see-' for a _,5-mb surface pressure
flow pattern ix 1)rol)ably correct, however, and tile affree- h,vel, about 80 m sec -_ for 10 nab, and about 110 m sec -_
mcnt l)etween the calculated winds and the streak for 5 rob, Golitsyn (Ref. XIII-].4) proposed that these
orientations in the latitude band ±20 ° is remarkably values may be reduced I)y about 30% bvintroduein_
_ood. sharp roughness gradients. Hess (Ref. XIII-15), recal-

culating the problem, derives V for an 8-rob surface pres-
sure to be between 38 and 60 m see -_, depending on theAt equatorial latitudes the calculated winds are strong-

est and art, practically steady. At higher latitudcs the;r velocity distributior_ function through tile boundary layer, t
Yet another independent estimate, by Gierasch andma_znitudes are less and the direction varies during a

; diun_al cycle. Pirraglia's calculation isolates tile large- Goody _Ref. XIlI-16), derives about 80 m sec -_ for a sin-

scale steady winds from the diurnally varying winds. We face pressure of 5 rob. The range among these models is ,• " about a factor of 2 for comparable surface pressures for
', know that there is a range of other winds expected on

,Mars, including slope and obstacle winds driven by the tile threshold velocit},, Vo, to initiate grain motion at the
large eh,vation differences (Refs, XIII-8 through XIII-10), ground, but rises to a factor of almost 4 for the velocity _.

and winds driven by the large temperature gradient be- above the boundary layer because of variations among "_!' models on tile functional form of the velocity distribu- "
: tween frosted and unfrosted polar ground (Ref. XIII-11). tion function through the boundary layer. Distinguishing
; At higher latitudes, we might expect such winds to dora- among these results is a mattcu of some importaace for
" inate, and the steady component that Pirraglia calculates understanding the generation of dust storms and eolian
".; to domi_u_te at low latitudes, transport on Mars. It also has a more practical impor-

i tanee: Lower velocities present no problem to a landerThe streak maps (Figs. XIII-1 through XIII-7) support mission such as Viking, while the higher velocities pose
' this con'.ention. The flow indicated at high latitudes does grave hazards.,_.

not correspond to that predictea either by Pirraglia or,- by Leovy and Mintz (Ref. XIII-5). An interesting regu- The existence of a 40 ° wide equatorial latitude ba_,3
•, larity at higher latitude is tile indication of a steady in which the streak patterns strikingly follow the mean ,

il
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,_:,,l_l.d <ll(,I,il,--H ",_,ih ',l_,,nli_,lv,l d_'vi,lli_),l', ()[It',,IC](' ',l_Jllll t_l" tll_' I,,,,,_,','L,.,i ,,,',,,l_v,,,t_ 'E_'_'.t_'I',_t ]_-'f.

th,, I),lil_l it_dl(..,,L_,, th,il the. _1,,1_,_1_it,(I _,,l,)(.,l_i_._,it LJk. XIII-._. ,.t,',(',, th,.,,,. _<dl,( ,, t,_ t() t(I fit) ,Jl ,,_'(' ' ,it _',liI.i -
t_,,r_l_.r_,,t :h_. b,,ii,i .it,' ,il'_l)V()\ZNuih']._ th,' _.l,,c';ii,',, .il_- t,i,l,d ],zti'll,l,',, , I{,'t XIII II ,. \','l,)( iti_'_ d,'i'w','d i,,_N,

|)l_)i)l'l.L_,' l(il" illltlllili_ _i',tlll lill;}_.('lll(*llt_ ()|I tilt' %ll]'i.L('('. th,' _.i_, l_'li,.,ll,_ ,,I I_'_' v. i_. ch)Ind_ ,lh'l. Xlll-iT .ly_

Ig.lil th,. III1._ l,,_,h_ _Fi_. XI11-1:7'. the's,. _'l_)<itl,',, -t tlii,, ,,.ull_. I)l-dl..r.
I,Ill_(' tI'l)lll t_- _f) tt) (1() Ill ".l'W ' ,lh(Y_l- ' tilt' ".lll'|,l('l'

h, illlld,ir,. ],l',,.r \\'(ri' t(ll_r,ll_ll._ illh()duc'_'¢l, s(INl('v_']l,l!

hl_hl'l" _l']_lt'lii,'_ _lililc{ 1)l' illi])]i('d t11('t-. XIII-<St. I/('_',iliS(' C. Polar Winds

- i.llill'r th,ili _ 1 d<lt ,lhi_ _t'c'_.i()]i _, it is viol till, iiil.,ili \_ w(, h,itl, lli('lil!_)ll('¢l, h'_t t_ili/I ili¢lic'dillr,, <li'l' l)i'_'_'lii

_ ili(I _)t till' _l'ii_'i'<i] ('li'Ciil<ilf()li. ])ul lh(' lii_h-v_'l()c'il._ biil <it vl'l'_ lii_li I<ltiilldl'_. lililh lll'(',lil_l' (if oll.s<'lli',llfclli ,i11¢t

(it thl' di_irilillliclil t lilic'tl()il ot lh(" _t'll('i';il t'irc.iiJlitiOll i)_sil)l) tjt,(.,lll_(' ()t ('lht-ii,iit _,t.lllll'lll_()i #ill(.lidl'l;it-ll,_ tr(liii

_llid_ tthlch iliUnt b_' (ll)t'l<Ltiv('. ]'hu_l, vi':oi.ilit,.s 1i(, ill till' ]}_)]iii" r(,_l()il_,. "l'hl, high .Slliiilch d_'li.Sil) hi lhl' _()uth

tht, liiiddll, ()| lh(" rllll_l, tiir lht' ,_-iilb ,,_lil'f<it,¢' ])rl'k._lll'l, (,ht'llllll)ol,lr i-('_lOii hi ,_Oiil(, ,_(,li,,¢ t'Ol.ll,"ll_,ilt'.s t()i" tli_,

_illlllll,lri/i,{I ,lllciv_, ,lncl d('ri_,d |r()lll (tilit(, _.litfi,i'i,lii ('(ill- low _ti't'<ik di,ii_ilv thl,rl,, th,,l'(' i_ <i ill<ir_('d ;tb.si'iit.i, ()|

._itl(.r,iticivin. ._lor(,(l_.i'. _i ri,c(,nl i-t'%'iklOll _lt tit(' whid .sh'('<lks lit lht' lliO_,t ht,,ivi])" .Sl)J(llc'li_'cl ])(l]_ir rt'_iOli_.

vt'hiclll'.'_ <ll tht'si' altillidt'._ tilid ill {lit" .sllirt o_ lht' du.sl Xt'vt, ilht,]l'_, lilt,rt. :.Jr" <i |#.,w ]o(.<llt,_ 1)olh in lhl' llorth
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\i.u'_. 'xc.,Ld,,l:. f"l_ \iti-I. ,,,.[m tb_' ',<mt], i\lan' ()u,' p-'z'.fl>h' e\pJanation _)| ',on.- .f thc.',c ph('n.m_'na
\...tr.de i:,_ ,%lii-n' _ ].'v, ..a._ ,,tr, al,,, m_' dir,._t(.(] i,, tlt_. f.lh)wiw<: Th(. ,,tcep t<.ml)('rature _radient betw<'erl
,t_.t_ fr,,_ll th,. p,,h., "ll_s i_ i_.tr,lh .ll, inx,tvi,tbh, hit[h- ho%t(,d a,,(I tmh'o_tt.(] h'rrair,s at th(' t'd_e ot the retreat-
I,attu, h. i)h(._J.,,._,_, tl,'Jc' I_ ais. ,_ _,._t(.vh cir(.,_- in,Z polar ie_' cap product's st,'ong _ind_. "I'll_.s('winds
p,,L,v c-l,p(m_'nt . ,ts _nH_'ct,m (fl I"i:zs. XIIi-6 ,,'.nd deflat(' fi_e, bright surfi(.ial dust. unc._werin_ the d,t_k
Xili-7 ch'm'h ,,]_. }rot _t I,_,x(.rth(.h,s_ w(.,.s _,lt('- splotchy terrain '¢:1ii(']1 f('_lJows tile V,'allill_ p('riph_.ry of
x_[wth_ TI., m,_t _t_,l_2hth.-x_,u'(l (,\pl.mati.n w_luld h(' th(' cap. Th(, trm]_portet] bright mat('rial is lav(,rt,d down ---.'\
m h ,m. _t th,' I)_l,tr ¢,tp t['I_q)_'r,ltur(' _r,_dit'_d x_in(ls s.m('what equat()rward, prod,wint_ I)ri_ht cireumpohtr _'
l;,).t.l,lt(d I,x l.c, nx ct ,tl m lh.t, Xlll-ll. l'h(' l)oh '- streaks. High pohtr wi_(|s are al:o consistent with thr' '. ,

- th ,',._ _tn.aks i. \lar_. \c'_¢l,dlu._ (l"i_, Nil l-I) ar_' mtt'r- l_robal)ly eolian ctch pits sct'n exclusively in polar region, "f
_'_tz_ I_'c,ttz,,t' tl,s _u_r,. i_ (>nt,.t the, h,w d.rk arc as at

th,',_' I,mt,_(h's t,,r which w, lstmal ehan_t's arc ("q)t't'tt'd

at t].' .I)_,.iv('d x(',t_.()ll.It i, posslt)h" that seasonal all)t,do D. CorrelationsofStreaksandSplotches
_.trutti.l_,ithigh l,ttltud(,sare drivt'nlw such l)olar

_i_.l_ "t'h(' t_..,t hkt'lv mt'chatlism would I)(' tilt' eoFan Vtealsohaxen,al_pedth['distrihutionofer:ltcrsph)tchcs
t(,..n,d ()t l_H_ht (n't'rlsm_ dust. rex'(.,tlint_ tilt, darker over th(' entire Martian surface, using the t,-ehniqut,s
matprial u_lder.t';tth, as [).stuhdcd for s('vt'ral va"ieties and cautions described above for tht, streak mapping
()t _(,,,_ulal ch,tn_cs !lh.ls. Xlll-1. Xlll-9. XIII-12. and l)r()gl'ar_l. Sph;tehes spilling ox'e_ crater ramparts and
XIII-13). sph_tch(,s unconm,cted with craters were not mal)ped.

Streaks and splotches in five represtntative rt,gious of

A r,,l.ltc<l l)ht'nom_'p,tm may I)(' the north polar collar. __[ars a,e displaycd in F'igs. X[II-14 through XIII-18.
This (1,.k band. surro,:ndin_ and followin_ the north(,rn The eonv(ntion for representing streak,: is described

:(.e cap in its summt,r 'retreat to the p.h'. has bt'en re- aht,v(,. Splotches ;_re represented by skctchcs witl_in
pm't_'d lw re,my visual (ll)s(.rvt,rs (Refs. Kill-18 and cr,ltt'r 1)oundarh,_ showing the approximate c_)nfi_un,-
XIIl-l,9_. Because of po_sil)le psyeh,')ph)'siolo_ical con- (ions of the splotches. Only craters larger fl:an abom
irast ('t[t,cts, and especially I)e(,ause of tbe interpretation 50 km ar(' shown. We see that splotches ten-I to be
of th(' northern collar as moistened ground, the very localized toward one face of the containing crater (Ref.
exist..nc(, of the collar has been called into question in
ret'('nt years..\larmcr 9 extended mission photography

has demonstrated unambiguously (Fig. XIII-I:3) the exis- _o,r. '\
ten((" of tilt, north polar collar. Under the circumstances, _0..... , ,, ,-,--,-,-_--m-......... ., __-,-m-,-_-,-_

the report by Earth-based visual observers that the eolhu" O lfollows the retreating polar cap toward the pole must "' o ' \

, , o tnow be taken seriously. _ o "",- ', ! t° t
\

Both the existence of the collar and its retreat also can ./ o ........ o , \

.' be understood in terms of polar winds, deflating a thin, _ .-,._:.... • ,,

,, bright sm'ficial laver, of (lust in the immediate vieinit_ .... /" o "=_,.'.-._......;.#....._.............. o._._._®°° , _\.

; of the northern polar cap edge. But why (lid Mariner 9 ,o._-f //fc..-- ,".'_"¢'_:"-"..... _°* _
\

find no evidence for a south polar collar? If the south ,_ ¢i" ._,*'_i).

: eolh, rvisibilits.'indeedfollowstheeurveofdeVaueouleurs _'_"_'.z'¢./'/.... _ *..'5_.;'_'z.'J_'Y/ _...;':.,///.
(Fig. 31 of Ref. XIII-18), peak visibility corresponds -I:-"" ._" o ;.':--'.-_' ,_,_..'," ,';./ /')."

to L, _ 210 °. Mariner 9 did not observe Mars near tiffs 0,_ .............. ___ ...... :c,;. t__,..s.............90" 85" 80 _ 75" . 70" 6.$" - 60* _ ,.5:i° ¢" 45"

_ ,L,, and the observations were made after the atmospheric ,c-wS°u_"
_,. dust settled.

_¢ Fig, XIII-14. Splotch/streak map of the MC-IOregion. This is ihe
_ areasurroundingLunaePalus.Shownareall craterslargerthan
; Another etlriol.lS circumstance is that the sont]lerzl cir- about 50 km in diameter and all dark crater splotches. Solid
'_ eumpolar streaks are, almost without exception, dark arrowsindicatethe directionsof darkcratertails, anddashed
_' streaks; while the northern streaks, and especia]ly the arrowsthosP,of brightcratertails.Thearrowlengthis apprexi. "_ matelyfour timesthe length of the tall. The shortestarrows
_ Mare, Aeidalium streaks, ,'Ire largely brigl)t during shownare 2" (of latitude)and representcratertails < 30 km
_ Mariner 9 observations, in length.
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Fig. X111-15.Splotch/streak map of the MC-15 region, Fig. XIIl-17. Splotch/streak map of the MC-2z re_ion, Mare
Cerberus--Elysium. Tyrrhenum--Hesl;eria.
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Fig. _111-16.Spletch/streak map of the MC.17 region, Fig. X111.18.Splotch/streak map of the MC.23 region Mare
_Tharsis--Daedelia. Cimmerium--Zephyria.
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\lll-I lh,r_' j. ,It h,p,t _31_u.ul,. _,tnc,,, .t t_+ll+h,t+_xh)r +_l,tt,'',,'.,, t].',,x<+,t_'l]j I.,l.d_t¢ cd_(+<>i._,,rtln \tlj,,r "11,,.
I

•q_!::t¢'!, • ;;, _,,_.,, _,__t,t, I., t. }.' h)<,tjl/,'d Ill !h<' ',,u_l¢' d,trk ,llt._k,, _)ut]ill_. the. c',_st¢rtj. ,.,tri,tb!_' _"!'.z<' I"u_

t.t(( q)j l}l('ll I('",[)t(llxl'(l't|"|", "1"111"+ t,t,.(' t¢t+(}+,I,)I)c th,' .'kllj-'_); +'_ %,.rti,. \l.tj<w _j_,..f NIII-], "]'(.j(.,,+..,,I)e((.',l-
tlll,(t++)ll t¢}x'+,tl(+ _.t. hi(]0 Ill, ',x);e_l }J,t" l)<'t'+l }d()xxllt_. ,It_'- (]('II('( ",tic.U_ ",+t th,tt th(. o.t+,t(.]!l ])()tllltLtl,+ t>f St. rill` \I.,1,)_

t+,.hu'_ t,_ tl. pl_ th.l,u,u_t I,'.ul_', '+,tlt'Ak X_.lltd (hrcct,m ,.,trot', _,c,_,,<,. ttl', <i'tt.l. XIII-3' ._,.rti_, x.lait.+ h,t,, tht. _,t<',.p-

u_d_t ,d++r, ('_,t ,d,q)(' ol a,l,. .'.,t<,mv,n_.'('d,:,'k ar(+a c)tl \l,u'*, ,

t

%',I', ;_,,_,_I _:__,u pr_.+,,tfl !_I,>t-.u_cc ul \l,trtn,t+_ ,,;ul,+¢'c bh_¢'t, thc +'],! <+' th<" I+,+TIdu*,t stu_.c 31arhzc," .9 t,w-

,,t t+ c{,u'k(._fi0!'__()f S\-]Ii,, \I +i+)r+ ti+._, ,,,,. ,,. lht if. ,u,. tw_ <'\l+l.u_,ttu_+H*,<fl tlnl+,,c.t+rr_'l,lt+(}t}, t'll't', h,Ix t' r<'xt',tl-t a _ , t t +t
+'+it11If,' td+xc_,t.-i tl.' ()th.'t'. ll+ tl, fir,,t _tt.x+. tlt<' xxitt(ls ,tt rt.,,+duti,m,, +_! +h.' xxidc-al_h, c,t,.:er,t tI:l_'+,. X'll-:20

I,,_:,' lfl,_, tl.,_k ..+,ttt.rt,t] +tlt,_ tilt' er.ttt,f% ',',h(.r<' tht,v throt_h .',.111-22' ,u.J tilt' l+al'rov,+an,_h' (+',tll}_tT,{ tl'++_+.

h,t'+(' ,It (u,.+ui._tcd ,i_,utl',t tl,* l<'c'a'.trd r,u_il),trts, l_l tht' XIII-:23 thr.u_h \lll.:/+l This (lark(.i+h]_ rt.,,t,Jted l,u+_t.lx

+`_.t,mt_ ,,l,.v,. the. '+SitldS }+,ix+<,prt.icr('llti,t+[+x" (h.llatt.d h+om t},c ,tl)l)car,tll¢..(.. ,]evelopmez_t. ,tnd mer_h+!.+ <11d,uk

brl_ht lli.ttt'l'l,tJ c)]+ tilt. l(.(,',t.tld r:+t|ll|>dl+t',;o| t}l(' er,tt<'r',,, t.'l'_tt('r t:61++,td tilt, t'.p( +,t'cn i:_ l"iz. Nlll-l+. whid_ ,u_'

C\l)t_s_li,_ tbt' ulldt,rlx ht_ d,trkt,r i_mt('ri,d, p+,_,sibb }m*,c- eh,u', -+'rNti+. +_I+ _yrti,, Nl,qor. In +)thor ,,+rt,as. d,uk tuils
Jt,._t It_ck Tilt, l'('J,,t+ltlllt_J,,trc,tk,.. ,+',t)u](l th(.i+_bear :t c'h)st.r tht ll()t ll.tX(+tilt, p.tt(:lLv. :lL++,¢'ontut:txous,Ippe,u'al}c(' o| th('

rt'l,tti(mslfi F, t<) S,tha]',11_ ,,,trill ,.tre,uuer',, de'+c,'flwd l)x .";_rti,, +X.lalort,tils. Tiffs _i<:,}ulfi!orm l.):ttc]fint',',s ol th(' tails

";mith t l_t'l. XIII-_()) u', "_,¢'l,ttivelv thit+, ril)btm+ or Immwr- alld theh' tcu(h'ncv to tiler: tan_t'tttia+]y from topographic ;

tik(. ,t¢'t.utlltt],lt_otln of s,tnd dowxl\viz+d iroln h)¢';di/.t'd l,'otul,¢u',mc'e,, .',,tiC|] +IS(.'t'+Uofwalls .',u_<._c+tthat tht'v art'

_()ttrt_,+,,u'+'_t', t)r l+t+(+_]tOl)o_raplnt, cou,,tt-ictitm,,. Wh<'rc pr<_du¢._,d by uoliatt crosit)., of t'xtet+.sixe, but very titizl,

Ior_<_,slr_ti_l+t, imr,tlh'l and .,,el)ar,ttt'd bv relutivclv sand- d<'ix),;it*, tff bri,aht mat ,ri,tl, re';ultin,4 in the t'xposttrt' oI
Ire<" .strips. thcx" serve to il_dic-ate c+msistt nt'v arid direc- dark. wmd-resistat;t, uuderlx ;t+,_ mat,.rial. Badar ex+'_dcs_ec

tlon o+ _a_tt-utovin_ wiuds." su_t,sts that the regit,u of l+'i,_. NIII-19 is a relativel.x

+,,mooth sttrtac¢', siopitl_ trort_ we,;t to etlst (lt'tt to ri,.t,ht tm

A¢'cttrdin_l+,', we pt)stul;tte some c.a_cs on .Mars in which l:i_. Xlll-l.c)l, making it a h_.:el.x,Ioeal,., for eolian tral+sport.
d,u'k lt+obde utatcrial withitt crater floors is o,'el-lain with

• bright nit,lille tnaterial, perhap_ as a ¢'otn'_t'tlttettcc (ff local We assume that. after the l,tJTt dust storm, much of

or ,..:+h)baldust storms. Stfl)seq,tt,nt dettation of the era- this slope xv,t_ covered by a thin lave," (_f bti_ht dust. Sub-

ter prt)dtt¢'es lot+,_, l)rit_ht downwind streaks emanatin_ st'qttettt winds, blowing predomi+tantly dt+wnslopc hax't

trom tht. erutt't', and evet]tuallv exposes underlyin_ dark scorn'i'd off this matcrial, especially in regiot_s wher(' wind

,htterial op the interior leeward side of the crater. Sub- speeds arc intensified Iw tOl)O_,raphy. A elost, examina-

sctlttet+t winds, possibly from another direction, then can tion of the hi.t.r,h-resohttion, narrov.'-at+gle pictures (Fi_s.

" deflate tilt' t',:posed dark mate,'ial, producing ineil)ient X111-22 through X111-26) is especially ins,ructive in tl is
dark tails. Dark splotches witl' associated dark tails are context. _danv instances of d+,t'k tails, or sections of dark

kut>wn, e.t_., in Bosporos (Fig. 27 of Ref. XiIl-1). The tails "shedding otf" craters can be seen. This is especially

devclol)m('nt t,f dark crater tails from craters with pre- evident in Fi_. XIII-8.
e\istiu!_ bright tails is also known, e.g., in Hesperia (Fi_.
23 ot l_t,f. Xlll-1). These views are consistent with the

We postulate ellicit'nt micro-traps Fat"the dust scoured
,:_clusicms that we will draw I?rotn a deta;,led study o[

• oil in the above manner. Our model predicts that Svrtis
al_ _,do ,,ariations in three selectecl regions. Syrtis Major,
l,tume Pahts, and Promethei Sinus. It] other eases, t_.,' Maim" will continue to d:trken until it is aff-':ted 1)x'either

a local or global dust storm. The contrasts involved be-

dark sl)lotchy matt,rial may be bedrock, and the dark tween dw dark and 1)right portions of Syrtis .Major are
_,, streaks tu,ty be prodttced by det]ation of overlying bright small, being typieally about ]0% (for the albc'do tnark-
;'. material.

\ ings in Fig. X111-24). '

_' E. SyrtisMajor As in other regions of .Mars, white streaks exist it]
,, Syrtis Major, but have not been seen to chan_e (Fi_.

_, At the resohttion of the Mariner 9 cameras, the classical XIII-27). Tlw_r nature (erosional or depositional) and

a[bedo ieature Syrtis Major is otttlined by a coneentra- time of origin ',before. _b:ring, or after the dust storm)

tion of bright and dark streaks. The bright streaks dora- remain enigmatic. + ,
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_ Fiig,Xfll-19, Genera! view of VF Re,on 8, Syrtis Major, This wtc_s-anilepicture, centered
at 13"N. 283"W, is _bout 360 km acro_,s.(MTVS 4186-72, DAS07_47383)
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"_"-"_" - Fig. Xlll-20. Darkening of Syrtts Miior at wide-angleresolution.T'neares shownin the top three ro_; is It)out 270 km --
"/ " -- " " across and is centered at 15.°2N, 282.°8W. It_correspondsaplxoximately to the upper third of Fil. Xlll-1. first row
, . .---_° -_ :left to rtiht): revolution 155, revolution 223, revolutions 233 to 155, Second row (left to filet): revolution 233,
• - _nevolul_ion430, revolutions 430 to 233. Third row (left to fllht): revolution 155, revolution430, mvolutfons430 to 155.

" :'!' :" _ .(StanfordAIL PictureProdu_ISTN 0191, 102105-_7) The lest rowshows s doseup ofthe bottom sectionsof thewindow
" _ obove. Left to'dilibt: revolution 155, revolution 233, revolutions 233 to 155. Center 13.'8N, 283.'9W; X : 140 lun

._ ' (Stanford AlL Picture Product STN 0164, 641505) Note that the photometric Ionmetty is closely simil,r on revolu-
_ .. _ tions 155 and 223,._ut significantly different on rev_ution 430,

>,._._.-. . _
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_. L, F_I_ 1111-22.D_rkenlnl of Syrtis Major at wid_angle camera resolution.The area shown is lhout 2_.J)km across ar_4|s centered
-: ' at 14.'6N and 212.'8W. It corra_ponds to the UplXWthird of F'_. Xlll-l. left to dilht: revolution 155, mvolution 430, revolutions/

,,' a3G to 155. its the pho:ometric leomeby dift_ a_bly between revolutions 155 and 430, topoMaphlc detati h_ not been
,... 2 cancelled succar._ully in the picture difference. (Stanford AlL Picture Product STN 0191, 102101)
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Fig. X111-23.Darkening of Syrtis Major at narro_v-anglecamera resolution. The area shown is about 50 km across and is cent._red
at ]3.'2N and 282.'9W. Left to right: revolution 233, revolution 430, revolutions 430 to 233. The photometric geometry differs

. considerably b_Lweenthe two views, and topographic detail remains in the picture difference (e.g., crater at lower_ght).(Sta._lford
All. P_ctureProduct STN 0191, 102111)

t ;

2: IL_ _ " ....}............-_. ....

•__ " . _ ._._,_% ,_-

- *_ " rq_. xiIi.24_ Ano_er example of the darkening of SyrUs Major at narrow.angle camera resolution. The iI_sa shown is about 50• v #-

X_,. ,. - _ across and is centered at 10.'8N and 283.'b'W. Top row (loft to riiht): revolution 155, revolution 233, revol,.0tio_s233 to 155. "
"' Bottom row (left to right): revolutions 2.?.3and 430, These two pictures were not differenced because satisft_ory alignment ;
. ._/ eould not be obtained berceuseof • sllpslficint chani_ In the photometricgeometry betweenthe two pictures.(Stanfo_ AlL Picture _ -,

".,. P_luct STN 0191, 102113) . . _..
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, Fig. XIII-25. Appearance and development of (lark tails in Syrtls Major at narr._w-_nglecamera resolution. Top rowshowsan area
;; about 44 km across centered at 14.09H and 281.'6W. Left to right: revolution 155, revolution 237, revolutions 237 to 155. The
_ photometric geometry is similar in t_e _wo views. (Stanford AlL Picture Prod_,ctSTN 0172, 040604) The middle row shows an ,

_ enlargement of the center sect,_ of the alive region (about 22 km across). Left to right: revolution 155, revolution 237, revolu-

i tionsAiLPicture237tOproduct155.The$1.Nbottomo.:_2, r_WO60556)showsa corresponding enlargement of the lower-left corner of the original window. (Stanfordl
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Fig. X111-26. Development of dark t_lls at narrow-ingle camera resolution in the region of Fig. X111-25. Top row (left to right): mvolu-

_ tion 155, revolution 233, revolutions 233 to 155. Middle row: revolutlun 237, revolution 430, revolutions 430 to 237. Bottom row:
revolution 155, revolutions 430 to 155. The phr_metri¢ geometry is similar for ievolutions 155 and 233, but differs siipsificsntly

for revolution .430. The area is about 50 km across and is centered at 14.'9N, 281.'9W. (Stanford AlL Picture Products STN
0191, 102114, 102115, 102116, 102117)
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Fig. X111-27. Permanence of white streaks in Syrtis Major at narrow-angle camera resolution. The area is about 35 km and is cen-
tered at 436N, 294"W. Left to right: revolution 194, revolution 233, revolutie.s 233 to 194. The photometric geometry differs

in the two views, making it impossible to cancel topographic features in the picture difference. (Stanford AlL Picture Product STI£
.. 0191, 102110)

F. Lunae Palus days later on rexolution 1_). Tl,e c'hau_e tllat has o,.-
curred in this r¢,_iou is made evident m Fi_. XIII-32,

TIw ,'¢.gion _tudied IVFII) lies close to the classical which shows rectified, scaled, similarh" projected ;u,d

allwdo feature l.un,te Palus. suspected of being both a aligm'd views of tl,_' region surroundin_ the three arrows
season,d and _ecular variable by telescopic observers in Fig. XIII-31. The two dark, round spots (about 1 k,nl
_Ref. X ill-21)..'tlarincr 9 photogral)hY resoh'es the re_ion can be seen just below the center of the window in the

-.. into a wide. deep chamwl disseetin_ relatively smooth h'ft (revolution 125) and middh, (revolution 160) sections

sorrotmdin_ plains (Fit_. X111-281. of Fi_. X!ll.:3 °. Similarly the characteristic bend in the
ehamwl occurs at the bottom-left corner of both sections.

Ahhou,zh no allwdo changes in these plains have yet The right section of Fi_. X111-32 shows a picture-element
• : Iwen detected in 3larim'r 9 pictures, strong localized by pieture-eh'ment difference of the two sections on the

allwdo ch:m_es have Ir'en foup.d within the channel itself h,ft. Notice that the taro round spots cannot be .,een in 1
(l:i_. Ni11-2.9). At h,ast three Sel),trate areas were ob- the ditfcrenee as they have not changed. Similarly the
served to darken durint_ the mission. The lartest of these channel is not evident. However, a significant amount of
is al)out 20 Iw 70 km in size. Only a slight change is evi- darkening is scen to have taken place in the imnwdiate

dent at wide-angle camera resolution I)etween revolutions neighborhood of the two dark spots between revolutions
, 125 and 160. but a very pronounced darkening occurred 125 and 160. The lateral extent of the change may be

sometime duri,_ the 39-day interval between revolutions inferred from the fact that the two spots are about 10 km
160 and 238 (Fig. XIII-29). apart.

' The observed darkening of regions within the Lunae
A hitch-resolution view of the floor of the channel, in- Palus channel can besi be understood in ter,ns of the

cluding a seetion of the largest of the three darkening gradual removal, by winds, of fine bright dust deposited
areas, is shown in Fig. XIII-30. This area is outlined in during the 1971 dust storm over the albedo marking_

I Fig. XI11-28. At the resolution of the narrow-_',ngle cam- within the channel (Figs. XIII-80 through Xlll-32); it
era, it is clear that darkening occurred within the channel is consistent with an eolian explanation for their varia-
hetween revolutions 125 and 160 (Fig. XIII-31), although bilit_,. It is possible that a channeling and intensification

.... ,,'_ this is not evident at wide-angle camera resolution (Fig. of winds may be produced by the main Lunae Palus
. _ XII1-29). The two views shown in Fig. XIII-31 do not channel, thus h'ading to more effective eolian erosion

t overlap (xaetly and are not aligned with respect to each within the channel titan on the surrounding plains. This
, _ other. Tht'y are therefore difllctdt to compare directly, would result in a greater apparent variability (e.g.,

:, To facilitate the comparison, three arrows are shown in darkening) within the channel than on the plains follow-
each view. The top two point to a pair of dark, round ing a major dust stornt. Likewise, the great Coprates

_i spots; the bottom arrow points to a characteristic bend rift valley, so long that one end may be near noon when ,
in the small channel seen in the figure. The view on the the other is before sunrise, may generate and channel
left was obtained on revolution 125, that on the right 17 yen,, high winds.
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Fig. Xlli-29. Changes within the Lunae Palus chennel at wide-angle camera resolution. Left to right: revolutions 125, 160, and
238. Note the pronounced darkening withir the channel duringthe 39-day interval betweenrevolutions 160 to 238. Center: 23°N,
660W; X=260 kin. (Stanford AlL Picture Products STN 0166, 042911, 042912)
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_:_ Fig. XIII-30. Narrow-anglecamera viewOt the regionoutlined in Fig. X111.28.Revolution
160. Center:22"N, 65°W; l = 75 km. (IPL Roll 1329, 185802)
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Fig. XlII-31. Right: Revolut,on160. Same area as in Fig. X!ll-30, but shown in orthographic
p='_.jection.Left: Same region seen on revolution 125. These two views do _mt overlap
exactly and are not alignedwth respect to each other. !n each view, the uppe'; two a;rows

-. point to a pa, of dark spots, while th: bottom arrow points to a characteristic bend in
thesmall channel (iPt. Rol; 1329, 124209)

II

, -. :. ,.

_d_-_- ".d_._=...i"_• '_ _.a='_ _,=-_m'ammi_,

Fig. Xlil-32. Regionof the Iw3 dark spoLsand the small channel shown in Fig. Xill.31. Left: revo;,tion 125. Middle= revolution
160. The two views, similarly,scaled and projected, were aligned relative to each other and differenced picture element by picture
element to give the picturedifference at right. Note the darkening In the vicinity of the two dark spots. Center: 22.°6N, 64.°5W;
X--30 kin. (Stanford AlL Picture Product STN 0166, 042904)
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G. PrometheiSinus ar,' als(_ chm'act('ristie of voJial_ ph,'nomena, xxith the
wind alway,, blowu=,_,at right an_les to the _¢,alloped

I"i_m(' XIII-S8 i_ ,tx_kh'-,m_](' view ot l'romethei edge. Thus, ore' inference from tit{, _eallops is a wind
.',mu_ ,tu ¢,xt¢,u_ix,.lv_l_h)tch¢'d. crat¢'v¢'d r_'_i(m near the directicm from top to bottom in FiR. XI11-84. which
_¢mth poh, ,)t .klar_. Acc,)rdin,z to l:_et. XIII-S Promethei would b(, consistent with that inh'rred from the location

hi,ms _ x,u_ablc, but it is not km)wn whether the varia- of sl_lotehes within the two eruters. In this case. the dark
tim_ arc _c,t_mlal. 1"_o1the _tudv ot variable features, scalloped splotches could be interpreted as utah,flying.

?'_ tl.' txv_ n._cm_ mttliu_'d in Fi_. XII!-.'3:3are of _pecml wiml-resistant dark material, exposed bx scouring, off
." mt_'rt'_t. TIw m_)r_'imp,_rtant of th,' two is showa at hiRh I)riRht overlv;n,_.., material. Other interpretations are dis-
-_ r_',_dut,m i1_ l:i_. Xi11-:34. Two kinds of eh,tracteristie cussed below. The contrast I)etx, een the bright and dark

d,u'k splt,td_es ,u'v _e_'n: t ll tho_e i_side craters, usually splotches i,_ this region is about 20%.
rtmnin_ up a_ainst the. c'rater's inm,r w_dls, and (9.)

_ploteh_'s Ixm,_ m_tsidt" _)i_eratt'rs. The latter have a very Several regions of special interest are de_i.qnated by
char,ict,'ri_t_c morphology with o1,' ]on_ edge rathe:" h'tters in Fi_. XIII-8-;. their 1)ehavior during the Mariner.9

\ .Ul_orphous in outlim', while ;.hi' other i_ sc,tlioped and mi_ion is documented in Fi_s. X111-:3,5through XIII-40.
\

"-. p,m_tt'd. Figure X111-:35shows the development in less than 1:3
\

days 0.e., sometime I_etween revolutions 99 and 1_6) of a

-\_ _h,)x_n. dark .Sl)lOb:_.lu,st_.ml to lit. on the downwind 10-kin dark region. This re Rion, resembling a leaf or a
_idt, ()t crat¢,r.s.()_, tlu.s basis, dr.' prevah'nt wind direction spearhead, remained unchanged subseguently, even
in Vii'.. XI11-34 is from top to botto,,;. Scalloped edges _hough surrounding areas were undergoing variation.

kI
I

,i

, Fig.X111-33.Wide.anglecameraviewof VF Region26, PromethelSinus,centeredat 71°S,
269°W, and about 750 km across. The solid outline shows the area of Fig. Xlll._. (M'P_S
4211-9,DAS08008038)
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, Fig. X111-34.Narrow.angle camera view of the region outlined (solid) In Fig. llll-1. The
, _ \ picture is about 80 km across, and is centered at 69.°6S, 253.°1W. Several regions of

:'_ special interest, discussed in the text, are indicated by letters. (MTVS 4213-12, DAS
i_ 08079893)
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.Fig.XIII._5._hangesinregionA.Top row (leftto right):revolution99,rewlutlonI;!6,revolutions1;!6to99.Middlerow:revolu-
lion.1.26,revolution119,revolutions179 to 116.Bottom row:revolution181,revolution;!20,revolut)ons120 to181.The window
isabout:_0km across,and mscentoredat70.°IS,2S3,o3w.(StanfordAIL PictureProdu_s STN 0167,0§0609,050610,0506.11)
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Fig. X._B-36. Changes in region B. Top row (left to right): revolutlun 12_, re_olution 179, revolutions 179 to 126, Middle row: revo-
lution 179, revolution 181, revolutions 181 to 179. Bottom row: revolution 181, revolution 220, revolutions 220 to 181. The

"' window is about 20 km across and is centered at 69.'9S, 253.°7W. (Stanford AlL Picture Products STN 0173, 061109, 061110,
061_11)
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Fig. X111-37. Cha_ges in region C. First row {left to right): revo_uUon 99, revolution 126, revolutions 126 to 99. Second row: revo-
tion 126, revolution 179, revolutions 179 to 126. Third row: revolution 179_ re_,olution 181, revolutions 181 _o ]79. Fourth row:.
revolution 181, revolution 220, revolutions 220 to 181. The window Is about 45 km across and is centered at 70.'3S, 254.°2W.

_ {Stanford AlL Picture Product_ STN 0173, 061105, 061106, 061107, 061108)
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._ Fig. XIII.38. Changes in region D. Top rt,w {left to right): revollCJon 126, revoluUon 181, revolutions 1_1 to 126, M_._,dl_row:. revo. :
It, tlon 179, revolution 181, revolutions 181 to 179. Bottom row: revolution 181, revolution 220, revolutions 220 to 181. The

window is abr_ut 20 km across and is centered at 69.'3S, 252.'7W. (Stanford AlL Picture Products STN 0173, 061101, 061102,
061103)
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Fig. Xili-39. Changes in region E. Top row (left to right): revolution 126, revolution 181, revolutions 181 to 126. Middle row: revo.
lution 179, revolution 181, revolutions 181 to 179. Bottom row: revolution 181, revolution 220, revolutions 220 to 181. The

._ window is about 45 krn across a,d is centered at 59._8S, 252.'5W. (Stanford AlL Picture Products STN 0173, 061112, 061113,
061114)
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Fig. XIII-40. Changes in region F are shown in the bottom row. Left to right: revolution 181, revolution 220, revolutions 220 to
181. This w/ndow is about 40 km across, and is centered at 69.°6S, 251.°8W (Stanford AlL Picture Product STN 0173, 061104).
The top row shows changes in regions B, D, E over the same time interval. Left to right: revolution 181, revolution 220, revolu-
tions 270 to ]81. The top w;_ldow is about 60 km across, and is ce_ltered at 69.'6S, 253.'1W. (Stanford AlL Picture Product STN

"_. 0166, 042905)

Fi_ur,- Nii!-:36 shows sonu" of the si_nifit_mt changes ehan_ed drastically between revolutions .99 and 126. did
that took place in r_'_ion B, after revolution 126. IUn- not paJ-ticipate in the maior changes that affected the
_orlunat_qy. this re_ion _as not obs:'rvcd on revolution t,ntirc art_ betwet'n revoh,tions ISl and 220. A saturation

.9f9._in this rt._ion, the"splotch w;thi, the crater changed effect seems to l:e invoh'ed. This maior chan_e affected
,_ slightly bciwt'eJ_ rt.volutions 126and 179. and signifitantly surrot,nding art'_L_,even at a scale detectable in low-

between revolutions ISI and 220. In regiel, D, however, resolution, wide-angle pictures (Fig. XilI-41).
challges occurr_i only between rcvolutio_as 18! and 220
_Fi_. XI ! !-:35).

. ': H. WindTunnelAnalogsof Mart;an

_ At the time of the formation of tiw leaf in region A, Dust Transport
,_ a ._tro,e, change oecurre(I in region C (top row of Fig. A set of experiments possibly relevant to Martian
_ .N11I-:361.The change consisted of a general growth o; eolian dust patterns was conducted by Hcrtzler (Refs.

the dark splotch by the extension of the points on the Xl!!-22 and XIII-$31 in the McDonnell Aircraft Corpora-
_ scalloped e(l_e, as well as by the outward displacement tion's 14-foot environmental simulator. Ambient condi-

: '_ obsen'ed.°fthe amorphous edge. No subsequent changes were tions ranged trom 5.85 to 26.7 ml) and were at room
. _ temperah_re. Two specimens simulating Martian surface

;_ material were employed: a silica f_ur with partich,
A sudden change in region E was observed between diameters largely ranging between 1 and 100 t,m, andr.,

revolutions 181 and 220 (Fig. XIII-_9), resulting in the a white sugar sand with particle diameters largely rang-
extension of the points along the scalloped edge of the ing from 100 to 700 t_m. Piles of tl:ese powders, about 1 _'

-. _, splotch. A similar change took place, in region F at the cm in thickness, were placed on smooth aluminum plates
_, same time (Fig. XIII-40). at the orifice of a wind tunnel. The velocities measured

were at an altitude within the surface boundary layer
'_; A pattern of swift changes, interrupted by relatively and rm:ged up to 40 m see -_. The resulting morphology :

long periods of quiescence, seems tyFical of Promethei of wi_dblow_ dust apparently depended nmeh more on

"_ Sinus. It is significant that regions A and C, which particle size and layer thickness than upon wind velocity.
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Fig.X111-41.Changesat wide-anglereso:utionin adjoiningregions.Top row(left to right):revolution179, revolution181, revo-
lutions 181 to 179. Bottomrow:revolution179, revolution220, revoluEons220 to 179. Thewindowis about220 kmacrossand
is centeredat 72.'4S, 267.'2W; its outlineis showndashedin Fig. XIII-1. (S_anfordAlL PictureProductsSTN 0174, 0613_5,

• 061307)

In Fi_. !11-4:2 are shown "'b_.fore'" and "'after" photo- Tilt, difference in scale is about 10:'. so the followint:
;_ tmq)hs ol ,t ]av_,r of sut_ar sand exposed to these winds comparison of wind tmmv) and .Martian eol'.'an mor-

, , f:)r,d)out 1{30miu. Here a marked emba.ement is produced phologies must he treated with some caution. From the

Iw the r_'mm',d of bright material, rerealiP.g underlying optical depth of tbc great 1.971 dust storm, the precipi-
d._rk mat('rial: tlwwi.d dir_.ctio, is into the figure, and tatcd thickness of atmospherie parti(ulates is easily esti-

flu. f.xte._t of thc remaiuin_ bright material has decreased mated to bc about t ram. Thus, the thin layers being
titre to rcmoval. In Fi_. Xlll-4.'3 is sho_ll a nearly idcn- removed in the wind tunnel experiments are not inappro-
ticai _.xpt'riment with a la.vt.r of silica lqour exposed to prii_te to the Martian cast'.
these winds for about 100 rain. but with the hase-

;: plate ilzclincd at an angle of 20°. Long streamers art, As time pxsses in Fig. Xlli-44 it seems likely that, as
., produced opposite to the direction of wind flow, possibly more and more sand is removed, the dark indentations

bccause of the backward gravitational displacement of will grow _indward with time. ,; this is an appropriate
-;' p_r|ieIes. The scalloped material in Promethei Sinus analog of the growth of scallops in Promvthei Sinus

(Fig. XIII,,.SP), however, it implies bright material being

reSelllb]es Fig. X111-42 llllleh lllOri• than Fig. X111-43.

• ('" "_ driven by win_ls in precisely the opposite sense to that
" _ Figure X111-44 shows the resu;ts of an experiment indicated b), the adjacent ereter splotch (Fig. XI11-34)

, k ,performed on sugar sand for less than 10 rain, but at We therefore lean to the alternative _,iew tlmt the scallops
,' . _' vemclt'_es at the surface significantly above the threshold are generated by winds blowing from the straight to the

(' il velocities for grain motion. The resulting pattern, like scalloped edge, consistent with the crater splotch read,
, that in Fig. X111-42 but unlike that in Fig. Xlll-43, ins. This requires d,_rk rather than bright mobile mate-

resembles Promethei Sinus. rial. Or it inight be accomplished by the preferential
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• \ _ " • + I_g. X111-43.Results of a wind tunnel experiment similar to that
: ' . described in Fig. Xli;-42, but with the baseplate inclined at 20 °

' i- _ _ to the wind. Wind direction is from right to left. From Hertzler
'. (Kefs. XIII-26 and XIII-27).

.....2:+.+__ ....++;+_-+:._ _.+ J
+ . \ , , +. + + +._.__+._. _+,•i -+ - •

• - _ _ --at, ,

++' Fig. XLII-42. Photographs of a layer of sugar "sand" exposed to , _- '._ ? : ""m/i+l,!j

, simulated Martian winds (_40 m sec-_) for 100 win. Wind _. r" • • +: /

direction is into the picture. From Hertzler (Refs. XUl-26 and _:__ _, " .W" _'_ ' "

XIII-27). (a) Before and (b) After. _ _ i) ,

+fl Fig. XIII-44. Resultsof a wind tunnel experiment similar to that .,
_/ described in Fig. XIII-42. Here the sugar sand was exposedfor

-_, • *_. about 10 rain to wind velocities significantly in excess ofthe threshold velocity needed to initiate grain movement. Wind
_ direction is from right to left. From Hertzler (Refs. XIII-26 and
+,- X111-27).

j,
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d, nm],di_m o! overlxin_ bri'_'ht mat_'ri,d trom the, points '_lso. in _en('r,d. stron_ ,,vcularlv vari,d)h, h'ahm's tend

.. . ,,,, _i_,,,_t_,Jm_ dark to ill. itl ,,l_it),)tJlr,,_loll_. E\,m|p_t.,, ,tEe"t[l(' ._o]i.s L,t(.l].,,;
material i.,, x,'rx ,,m()otl,. a._ in a vitr('ous lava flow. The r(._ion .u)d Svrti,, \l,tj(u" its('l| TIt' wc,;t(,rn _;tal)h, c¢I_c

": di._c()nthmou.s ,q_lW,mm(.-(, ()f the leaf iz) 1:3days _ i_h no o[ _ rti_ .MaF)r is dett'rmin(,d l)v tol)o_raphy. The ('astt'rn
•,uh.sc,'tut'nt ah('ration i,, stromzly _)v.z,.z,t'.',tiveof a satura- ('d_¢' lies o), ,t .,,m()()th ,]ol)in,_ plan(, and _ dcfint'd l)x
lion t)ht'nom('uon of the _ort Sl_vcifically anticipatcd in dark. varLd)h, c-r.d¢'r tail_.
_indl)h)wn dust model,; _Hcf. Xill-l:3) h)r cast's o_ the

•_ r,'m,val ;)1 ovv:lyiw_ 1)right mat('rial from unth'rl.xin_ ()nc _)t tl,(. most t,um)us sct'ul,u variation_ in thv ,m)_als

dark. This support, th(' I,,:,t cH)l,m,dion. Ncv('rtheh'ss. of \lartian ol)s('rx.m(_n< is the chamz'_' in ltydaH'_cs tR('f.
, it is unforttmat(, that. uith informatim_ a_ail.d)h' I)oth XilI-.'_!. This fi'atur(, ha_ lapsed into in,;i_nilicance after

on th(' )tu)tiou of th(' st'.,llol'S and the direction of the I)cin_ a l)romim'nt dark I),md i¢)inin,.z• *lar,.z,.,itifi,r Sinus
prp,'ailin_ wind.,,, xvt, art, at this tim(. unal)h- to th'cidt' t() Niliacu,; l.atus from IS.-3Sto IS';(. Its trend corn'-

- _h(.th_'r it is I)ri_ht or dark mol)ih, material that is sponds c'loselv to that of sex-,,ral ch_:,))wl.s rumfin,.t, through
" primarily rc,ponsil)h, for th(" phenomena observed in the collap_('d chaotw terrai)) into Chrvse. Tiff,. is a _ood

l)romethci Sire,,. t'xamph' of a tOl)o_raphimdly controlh.d secul,,r change.

',)ue ;additional implic:_tion of both Ba_nolO's and On the other hand, no topographic control is evident
th'rtzh'r's results is that .such eolian transport tm,ds to in thc stron_ darkenint_ ohservcd in Xoaehis in 192S lw

smooth and str('amlim' tl,e partich' pile in such a ,ray Antoniadi (l_ef. Xill-3L The r('_ion affected by this
as to rcsist furtl,er 'r,msport. Th(, existence of ('xtensiv(" chang(, is identical topooraphieally to surrouudin_ fi'a-

"- dust and sand tr,m,port o,) .Mars today must therefore tures which were not affected.
Iw due to the rapid ,.zwn('ratiou. either by eolian deposi-
tion as ,dtt,r a dust storm or I)v volcanism, of new piles

"" _f particulate._. On the basis of n('cent Earth-I)ased observationg it has
I,een claimed (R(4. X111-24) hat. contrary to tht. classi-
cal view. Martian seasonal changes involve variations in

I. Classical Variable Features From the bright rather than the (lark areas. We find, fi)r th('

" the _ariner 9 Perspective Mariner 9 season, no evidence to support this claim.
Motion of dark sl)lotches, development of dark streaks.

Certain secular changes can be correlated to ,\lartian and the filling in with dark material of bright intercrater

topo_oral)hy, while no convinein_ topograpllic connection regions have all heen seen, while correspondin_ develop-
i, can Iw found for certain others. In the first category is ments of bright feah_res have not 1)een observed. How-

the darke,nng of Phasis in 1877-1879 (Ref. XIII-,-3) near ever, as pointed out in B.ef. XlII-l, such a trend cannot
, Solis Lacus. The ar.va ath'eted corresponds closely to a continue indefinitely if Mars is to maintain its mean

i', wctl_t'-iike extension of ru_t.d terrain into the otherwise all)edo. Comparison with Mariner 6 and 7 results and I

, smooth region of Soils Lacus (eL Fig. XIII-9). Viking Orbiter observations may uncover development
:. of bright material in tile complementary seasons. We

• ,', Tilt" s,noothness and isolation of the Solis Lacus region suspect that bright and dark materials are transported
,; explaius its susceptibilib:' to secular changes (Refs. XllI-,q on Mars.

and XIII-4), especially when it is realized that the dark
streaks are responsible for the major all)edo markings

_, in tile area (see Fig. XIII-11). J. Ratesof DustTranspor_

_- From tile foregoing data, we derive some simple results
Generally speaking, albedo markings are not closely on the rates of luteral transport of dust on Mars at times

correlated with topography: albedo markings are quite other than during major du3t storms. Tile materi_J ms-
superficial. There are, however, a few interesting trends, port in tee leaf region of Promethei Sinus amou,t._ t )

L;zrge depressions such as the Coprates rift valley antl about 9. km in time intervals < 19 days. Taking a thresh-
the enclosed depression Juventae Fons tend to appear as old velocity of about 2 m see-L tile prevailing win_,s
dark aibedo features from E,,.rth. In the Coprates rift trm).,porting the mobile dust must blow for about 10' see
valley, one can invoke scouling of fines by channeled about 15 rain in <19 days. Some of the streaks are several
winds as in the Lunne Palus canyon, but what is the hundred kilometers long. If we assume that streak ma-
explanation for .luventae Fons? terial is transported only at V,t, this implies occasional
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' ,trc,n_ pr,.x.dll_,_ wu,l_ _t thi,, x_.l_,eitx, with n,_ _icnit- c,t_ .tl.,_, tr,tu_p,_rt times ,tre ruduced. Th_• high values
,t.tlit tll,,ll_.ttlx _"_urrcnts h)r .tlu)ut 1 d,tv tntt (d ,,.v,.r:d ,,! I" ,!:'d::,-t.d hp:t' .rod cl,_',vh, r_ l,.txc h,,p, ltant c_HI-
htmdr, _1 1t tl,' du,t i, carri, (1 hi_h_.r il_ tht. I,_,untlarx scqucl_¢'_'s h)r collar, er_,_ion rates on Mars. as discussed
]axcr. tht. ti.tcsc.de tor .t l_rop.otmecd dircc'ti.n.tll;.v of m ,t St'l).tr.de I)uldicatim_.
_tr-w_, _xin¢ls c,ul l)t. ,.x¢.ll h.ss. The continuity of the'

,tJ¢',&s. uli.dh.¢ tt d bx lt_t,d top,_rat_hy, ar_o,-s fm non- T},. co_flrasts between adjacent I)ri,_ht and dark terrain
I-c.d trau_p-rt, p.s_ildy t,_h in tl,. bm,udarv lav,.r: th(. __ :2()¢'_- which w_. find m::v bt" due either to eo,nposition
rt.,_,trkahh _tr.tl_l,t_,.,s of the str('aks ._r_uus fi_r high -liih'rences. to particle size' diff,'renet.s, or t_ both. The
wi_tk xxith .t ,tr._ prcvadin_ character for ahout 1 day.
_._t ,tn unlikt,lv require.mont, two ditt't.rt.ne¢.s _nav i_:decd b_, c_nnt'eted throu,..,h prefer-

_, cntial x_u.,theri_,_ of small particlt.s IRef. Nill-.t)). It is
,',csv to _how that for t:pical .Martian p:trtiele radii of

()u l'drth. _.dt.din_ part,tics c,u induce er_'_'p in sur- about l[IO _,m. the contrasts c.m be explained by particle
, t,tct, ur._i_, ,t._x ti._-s thcir t,xvn di,tm,.tt,r. For Mars the. ,.i,e dillcrenees " 30% The absence of _reatt,r contrastsdi..,,'ter r.dio ,I,,)uhl be cv,',l ],tr,.Z't'r.Thus. small bright .....

.! particlt's cat) i_tduc(, urct.p in lar_e dark particles. ()_: o,_ .Mars mu.st I)(' dut. to a wide range or partiel(, sizes
I)ein,, transl._ort('d in major )neteorolo_ical t.xents such as._ E,trth. txpic,d _,mclstt)rm c're('p veh)('itics ar(" about 1 _" tl,. _rcat dust storm of 1971.

Clll/st't" ,1{,.t. XIII-251: on .Mars tht.v shouhl b(" co.'re-
-_ sptmtlin_l._ I,tr,zt'r. Thus. dt, rin_ I day on .Mars. creep of

ah,,ut 1 km is po,;sihle. It is c;,rious, therelore, that the The apparent _encration of bright streaks in some
same vt'hwities ;.or the same periods of timt' can account .Martian areas only as ,_ result of the _lol)al dust storlu

g

_" Iw s.dtatitm for tl:t' producti(,,_ of brioht streaks and by (Ref. Xlll-l) suggests that bright streaks require excel)-
ereup fi)r tht. m,".ions of (I,_rk material in phtces like tionallv high velocitit's for their formation. Accordingly.
l_romethe: Sinus. typical I)right streak 1)articles would be significantly be-

"i low the most easily saltatod l:artiele size; i.e., << 100 pt:n
Hcrtzh'," [Ref Xlll-_.))estimat('d eolia,_ transport rates (Ref. XIII-I). This deduction explains the otlwrwise

trader typieal .'Xlarti,m conditions when th(' threshold puzzling fact that many cases of the development of dark
strcs._ is exc_'t'dt'd. Typic,d v,tlues range from 3 X It: :' K streaks and sl)lotches have been uncovered since the

"' ('m -'s('c : to 3 / 10 ' ,¢ era--' sect. Thus, a layer of dust s(,ttling of the great 1971 storm, but no cases of the de-
; 1 c.m thick could, easily be removed in 1 Martian day, velopment of brit_ht material have been detected. Tht

.,. under conditi,ms of moderately hi_;h winds, a result quite hitch stability of tht. bright streaks is expected for an
consistent with that just derived on the timeseale for the array of particles with threshold velocities far above the
t_eneration of streaks. These numbers imply typical dust minimtm, V,.,. But th," bright streak regions must be free
rem,wal rate.s, for an area the size of the leaf in Promethei of iarger particles with threshold velocities near the miu-

",: Sinus, of about 100 tons/see, most o1" which, being in imum V,_; saltation of such larger particles would, by

:a saltating particles, will be immediately redeposited, momentum exchange, set ttm smaller particles of the , ¢
,- bright streaks into suspension. Likewise, dark areas are
_: 13ettation of dust out of gravitational potential wells darkened when larger saltatipg p,artich,s eject .smaller

• "-_ such as craters probably requires velocities > V.t; in this bright fines which are then carried off in suspension, yr

J

'._,

;e'
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The Mariner 9 extended mission began in early June tions of the standard mission (revolutions 245 and 262),
1972 (revolution 416) following a period of nmltiple solar the surface was severely obsct,,ed by the north polar
occultations of the spacecraft by Mars during which sci- haze. Only the northern sinuous, circumpolar, bright
cute operations ceased. During the extended mission, the forms were visible through the haze (Ref. XIV-1). The t
north polar cap receded from about 85% of _ts maximum survival of Mariner 9 through the period of the extended.!

• i extent to nearly minimum size in late October 1972. This mission represented an tmprecedented opportunity to ,
,'_ corresponded to the period from about 1 Martian month monitor the north polar cap through most of its recession. i

after vernal equinox until shortly after summer solstice.

• Because of a shortage of attitude control gas on tim
; Early in the mission, during November and December spacecraft, the number of pictures returned during the "
; 197i. the recession of the south polar cap was also men- extended mission was severely limited. Faced with this

"_ itorcd. However, those obscrwdions showed only limited shortage of frames, the philosophy adopted for the north
retreat because the spacecraft arrived at Mars shortly polar region was to first map the polar region with wide-
before the a,mual rece._ion in the south ended (Ref. angle frames of best possible resolution (,,_ 3 kin) and, at

"_ XIV-I). The north polar cap was in the darknezs of north- several week intervals, to continue monitoring the reces- f,
ern winter throughout most of ,'he standard mission. Ever, sion of the cap from high altitude (resolution ,-_ 6 kin) in

i in the best observations, made during the last few rcvolu- order to cover the entire cap in single frames. Based on

_Publieationauthorized by the Director. U.S. GeologicalSvrvey. study of the mapping coverage completed early (revolu-
-"ContributionNumber 2249, of the Division of Geologicaland tions 416--451), many areas were targeted for high-
PlanetarySciences, CaliforniaInstitoto of Technology,Pasadena, resolution coverage during the July 10 and August 7
CaliforvJa. imaging sequences (revolutions 478 and 528). These areas
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x,.r,, s('l,'eted to study tlw high-rcsoh, tion appcaraucp A pecvliar 1)olyt._onal outline of the north polar cap
.t tt:_' retrr.tti.:t frost m,u,_in ,.;d -f a xaricty of terrain was observed during most of its recession. This aspec't
t._pc_ al;d terrai. ])(mndarieg. most el which were still was ah'eadv wtakly developed at the beg,L,nin_ el the
co_t'l',d with frost. These ol)servations were h-dted by a extended mission (Fig. XI\'-I and more obviously l"i,z.
lwriod around solar c(mitmction durin'z, which the return X1V-9). This polvgotml character was confirmed when a
ot imaging dat, was impossible. In earl.v October corn- si,gle globai frame was acquired during the fifth week
munieattons w,..r,, resumcd, and two more tape loads of (Fig. XIV-4). By the ninth week the polygonid outline

"_ data were tr,msmitted to Earth on October 1.2 and 16. had become very pronounced (Fig. XIV-2) and had dis-
1972. By this time. as anticipated, the polar ice cover had appeared by the nineteenth week (Fig. XIV-3). The

- rcccded to m'arlv its minimum extent. Another 18 narrow- polygonal shape remained roughly the same but reeed('d
" ill'l_l(' lfictures were tarKeted for these playbacks in order on all sides. It is, therefore, unlikely that ti. , polygonal

to samph, new terrains recotmized in the August wide- outline was controlled by local topography such as qca,'ps
im_lc c.overa_e and to rcphotograph interesting areas and ridges. The poygonal outline could result fi'om ,.ome
which were frost-covered in the pie-conJunction photog- form of regiolml topographic control, variation in surface
raphy, textures, or atmospheric phenomena. Further. the only

textural or atmospheric effects imagined here wou}d
themselves be controlled by regional topography. If tlwIn ail. only :36 narrow-angle frames could be devoted

to the reconnaissance of the north polar _'e_ion. Each polygonality is atmospherically induced, for instance by
frame was criticall:" targeted to obtain as much informa- a series of standing waves controlling fi'ost (tepositioJ:.

the direction and stability of the_e waves would pl-ol)al)lytion as possible al,uut the terrain types and reh,tions
' bctween the various geologic un':ts. Tl-ese frames there- also be controlled by regiooal topography. Regional tex-

fore represent a highly biased saint'!-_ of the region. ),lost tural alignments would also most easily be induced by
... of them contain areas where ,he topography or the albedo wind patterns fixed by regional topography.

variations were complex: others show transition zones be-

tx_t-t,, various terrains. The north polar region is, in Radio occultation data (Ref. XIVr2; also set' Section
reality, composed of a fa- greater percentage of smooth XXXVI of this Report) have shown that the mottled era-
areas thau is indicated by t qis collection of high-resolution tered plains in the north polar region are about 4 km
pictures, lowe; than the cratered terrains in the south polar region.

The data show further that the upper surfaces of the

, Our purpose is to describe and to compare the various layered deposits are at about the same alt.;tude at both
geologic units found in the polar legions, to present ob- poles. This suggests that the sedimentary comple:" in the
servations which pertain to the volatiles problem, and north polar region is substantially thicker than that in the

_' to discuss proc'esses inferred to be operating in both south. The regional topography invoked to explain the
poh_r regions. Studies of the south polar region (Ref. polygonal cap nmy have restdtcd from tectonic adjust-

: X1V-1) left a number of unanswered questions as to the ment of the crust to loading of the central north polar
• " uniqueness of certain deposits and morphologies to the region by thick deposits.

, _ polar environment. As north and south polar units rest

,i on very different regional geologic units, the comparison Figure XIV-5 compares the Earth-based telescopic data

,, _ _ of the two emphasizes uniqaely polar units and processes, of Fischbaehet et al. (Ref. XIV-3) with the averaged posi-

'_ I tion of the cap edge from M_riner 9 pictures. It appears
, 1 that the north polar recession, monitored during the

' / " •.. _ A. Recession of the North Polar Cap Mariner 9 observation period, followed its usual pattern

• ", ,'., Figures XIV-1 through XIV-3 are polar mosaics that and rate. Also shown in Fig. XIV-5 is the prediction of
" show the evolution of the north polar ice cap during the the position of the retreating cap edge from a CO.. polar

_ extended mission. Figure X1V-1 is a composite of 17 cap model (Ref. XIV.4). "lhe recession of the north polar
-" ,, wide-angle frames acquired during the first 3 weeks cap closely followed this model until the cap approached

in an effort to complete the mapping of the entire planet, a diameter of about 10°. At that point retreat abruptly
As the mapping took 2_/aweeks to complete, the images stopped. Based on a similar behavior of the south cap,

" ' in this mosaic are not synchronous. The other two mosaics Murray et al. (Ref. XlV-1) suggested that the residual

ii consist of two pictures each, which were acquired 12 permanent cap might be H.,O _ee. A permanent, exposedhours apart, CO_ mass, although less stable, cannot be ruled out
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'. Fig.XIV-2. Distributionof retreatingfro_t 2 MaKianmonthsafter vernalequinox.The two f-amesusedin
the mosaicwereacquired12 hr apartonrevolutions528 and 529 (L, = 65°). The imageprocessingis as
in Fig.XIV-1.Noticethe intensepolygonaloutlineof the frostboundary.(MTVS¢296-46. DAS12994247;
MTVS4296-102,DAS13028127)

As wot_.d I_ySI,arp c't al. (R_'x. XIV-5), the _'cl_c,of the as it retreated th,'ou_,h 65°N to 70" N. did not sho_
, south polar cap displav(,d a very irrcgular outline dm!nR marked irregularity, iml)ly'int_ a gcneral lack ot h_cal

_._ its initial sta_es of r_'tr(,at l)hoto_raphcd by Mariner 7 in topo_raplfic control (Fi_. X1V-I). A notable exC('l)ti.n _s
!969. Numcrous outlying patches of fi'ost were preserved the large (,rater at 65°N. I(V-W. By the mnth wt._.k _t

,( in (,rater ttoors and many dark, isolated d('fi'osted patclws, the, extended mi._sion, the frost bounda]'v had r_.acl..d
usually associatcd with crah'_ rims, al)pcared within the apl)roximatcly 75_N latitude., and tlw outlim, of tht, ('al)

.. " fi'ost cover. "l'ht,s, the south polar denseiy crah'rcd ter- became irregular tlisplayh_g mmwrous (h'tached patcht'_
. ]'_:m mapped by Mariner 9 (Rt'f. X1V-I) strongly inllu- (Fig. XIV-2). :ks discussed l)t,h)w, this is a zone nt irr_.t_-

i ' cnc'ed th'.' charactt, r of the retreating tdg(' of the south uiar scarps a_d pits dcvt,lopcd in circuml)ola_" I)lain_
polar cap. The cdge of the northern cap, although diffuse surrounding the cc_;tr,d polar layered dcposits (tcrm_'d
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Fig. XIV-4. Global view of the north polar region as it appeared 13_ months alter vernal
equinox. This frame was acquired at L, __50° on revolution 478 and shows the frost
distribution at a stage about halfway between Figs. XIV-1 and XIV-2. It has not been

• processedas were Figs. XIV-1 through XIV-3 as most of the cap was overexposed. It dries,
however,showthe polygonaloutline as it became increasinglypronounced•(MTVS 4295-72,
DAS12874573)

"'lami,mted terrain" in Ref. XIV-il. As the frost continued 3 km apart. These patterns, which are probably eolian
, to retreat between weeks 9 and 19, sinuous defrosted landforms, characterize one of the smooth plains units

; paiterns began to develop in the central polar region found in the north polar region.
(Fig. X1V-3). A similar phenomenon was noticed in the

" south pola- region early in the standard mission. Two Another distinctive clu,racteristic of the north polar
, narrow-angle frames of the central polar sinuous features region is the circumlx, lar variation in albedo in the frost-

near the north poh, are compared in F_g. XIV-6. The covered areas (Figs• ,x.'IV-1ar'l XIV-2). Similar variations

frames do not overlap, but are adjacent to one another were noted hy Sharp et al. (Ref. XIV-5) in the Ma,'iner 7
(see Fig. XIV-9). Fhe first (Fig. XIV-6a) was acquired widc-a,agle photography of the south polar cap acquired

; before f:ost had dissipated; the second (Fig. XIV-6b) was during a southern season similar to that for Fig. XIV-1 in

i obtained about 10 weeks later and shows the defrosted the north. In that study many frosted crater floors ap-
; slopes facing southward. Thus, as is the case of the south peared very dark compared to _he surrounding terrain,

polar region (Ref. XIV. 1_ the con,eguration of the re- and many frosted ridges were very bright. From eompar-
ceding frost is both strongiy influenced by and highlights ing Figs. XIV-1 and XIV-3, it is apparent that the (lark

) local subtle topography. Figure XIV-7 shows another circumpolar bands which appeared m the early extended
.; area where retreating frost enhanced details in local mission coincide with the dat'k bands in the defrosted

topography. An unusual array of very fine, lineated dark terrain seen in the last north polar regional coverage. It
and light markings is visible in the transition zone be- is therefore likely that these contrasts in albedo observed

tween the frosted and defrosted areas. The individual in the ice cap result from partial exposure of rocl: ma-
dark markings are I km or less in width and are 2 or terials through an incomplete frost cover.
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: I l / ' i As sou. hpol,,rregion.,,. older 'rateredu.it is
:_ / i ox'_ i unc_nfo,'mahlv by a series of .voun_er deposits

;- /_----A-- |I that -,e roughly concentric with the lm!e Figure NIV-9

-" _'- _ is a photomosaic processed tc minimize aibedo variation
and to maximize local detail. Table XIV-1 compart, the

. j/_¢//_ _ sequences el the geologic units found in the two polar

• .0"- _ regions. In t_ontr,tst to the densely cratered terrain in the
' south polar region, the oldest unit in the north polar

,) region is a moderately cratered plains unit. Like the
J" south polar rezion, pitttxl plai,ls, layered deposits, and

." a permanent ice cap ;Ire also found in the oentral north
D_AO_F_CH_C,._rAt. C_EF.X*V-_ polar area. The purpose of the following discussion is

to describe each of the north polar terrain units and to,VtAglNER9OBSERVATIONS

"_ _ - compare them with those recognized in the south polar
_ CO 2 MODEL (REF.XIV=.4) region.

,_ I t I I I
o* zw 4o* 6o- 80" _oo- _2o* 1. Mottled Cratered Plains Unit and Superimposed

LS {AI_EOGRAPHIC LONGITUDES) Debris Mantle

Fig. XlV-5. Observed and predicted recession rates of the north The oldest terrains in the north and south polar regions
polar cap. Mariner 9 observations of the extent of the north are compared in Fig. XIV-10. In the north the oldest

"-- polar cap are compared with telescopic observations recorded unit is a moderately cratered plains unit situated in the
by Fischbacher et al. (Ref. XIV-3) and with a CO., ic_ cap model 55°N to 70°N latitude band. Termed here "'mottled
presented by Leighton and Murray (Ref. XIV-4).

:. cratered plains" (mcp), it is characterized at wide-angle
resolution (_8 kin) by an abundant population of small

B. Comparisons of Geologic Units craters (10 to 20 m in diameter, or smaller) and a highly

of the Polar Regions mottled appearance. This unit is distinctly different from
the cratered terrain of the southern hemisphere because

• Mariner 9 ohservations of the south polar region of it lacks the characteristic massive ridges, hummocks, and
_. Mars show that four principal geologic units are exposed a dense population of craters 50 to 800 km in diameter.
_ (Ref. XIV-I). The oldest is an ancient, densely cratered The mottled pattern consists of a complex of streaks of

unit that occupies most of the southern hemispher,' and bright material and concentrations of bright material
: is overlain unconformably by three younger polar de- highlighting the interior and exterior parts of crater rims.

posits. TIw oldest of these, a lightly cratered, massively This unit has a lo,ver average albedo than does most of
' "_,, bedded unit, has a flat upper surface which h_ been Mars and is one of the few regional units that is int_insi-

eroded in some areas into a complex of pits and hollows cally characterized by its albedo. McCauley et al. (Ref.
•:,_ encompassed by steep, sharp-rimmed cliffs (Ref. XIV-4; XIV-7) and Carr et al. (Ref. XIV-8; also see Section II of

-, ,; a!so see Section XVI of this Report). The zone of pitting this Report) describe, another ci-atered plains unit which
". .; wlthin tiffs unit is confined approximately to the 70°S to is also characterized by a low albedo. _

il 80'_S latitude belt. Resting unconformably upon the pitted

, - --. _ plains unit is the next youngest major south polar unit, At higher resolution (,--800 m), as shown !.n Fig. XIV-
/. termed laminated terrain" in Ref. XIV-1. Referred to 10d, the same mottling characteristic is observed in and
- -. herein as layered deposits, this unit forms a vast sedi- around smaller craters (2 to 5 km in diameter). In addi-
"' . mentary complex some 1500 km ifi diameter centered at

- the south pole. It L¢ composed of horizontal strata of tion this terrain has a mantled appearance similar to that
_.... recognized in high-resolution views of south polar era-

apparently very uniform thickness. The youngest south tered terrain (Ref. XIV-i). Small craters appear sharp
-' : polar deposit is the residual ice cap which survives after

the dissipation of the annual CO.. frost cap. It rests on the and fresh, but often appear filled tc their brims. It has

,., flat upper surfaces of the central part of the layered been shown by Soderblom et al. (Ref. XIV-9; also see
deposits.

:, sit is interesting to note that these dark cratered plains bear similar
relationshipsto eratered terrain as do the lunar mare to lunar up-

The north polar region contains a similar mray of units, lands, such as differences in albedo, crater populations,and tie-
asshown in the preliminary geologic map in Fig. XIV-8. vatlon. ,,

!
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Fig. XIV.6. Disappearanceof frost at resolution of the narrow-anglecamera. (a) This high-resolutionframe w_s acquired during
the ninth week of the extended mission and shows the central polar deposits still frost-covered.The area shown is apwoximately
200 km wide, located at 850N, 16°W. Notice the crater partially buried by the layered deposits. (MTVS 4295-59, DAS 12870618)

• (b) This frame was acquired during the nineteenth week of the extended mission as the frost cap was nearing its m!nimum size.
The area shown is immediately adjacent to that covered i_ (a). The dark areas represent defrosted slopes in the layered deposits
which face outward from the cap. These slopes receivethe maximum of solar insolation and, as in the south polar deposits, defrost
first. (MTVS 4297-71, DAS 13352795)

Section IX of this Report) that craters displayin_ this in a broken rin_ near 65:N extenclin_ southward of 55 °

' characteristic surround both polar regions in belts ex- at some longitudes (sc.e Fig. XIV-8). Figures XIV-10b

t,. riding down to .3_, ]atit:,des. In the mottled cratered and XIV-10e sho_ the serrated pattern in the bomtdaries

plains the rims and exte, iors of the small craters usually between this unit and the mottled cratered plains unit.

display a hie:h al!,edo similar to that of the inferred These boundaries appear to be independent of local

debris mantles descrihed below. We suggest that the topographic relief and show a pronounced spiralin_

bright materials are renmants of the debris mantle which pattern between longitudes 240 ° and [300° (Figs. X1V-8

at one time buried the mottled eratered plains and which and X1V-9). Because the mottled streaks on the eratered

has since been removed, leaving patches of light mate- plains grade into the serrated boundaries and because

rials trapped in the rugged and coarser textured parts the small craters on the mottled eratered plains appear

of the craters such as their rims and ejeeta blankets, to be filled and mantled by bright material (material of
albedo sintilar to the bright plain-), it is concluded that

._ The mottled cratered plains are partially mantled by these deposits are k.ose clebris blankets which are being

bright deposits in the 55°N to 70°N latitude bands. No stripped away by eolian processes, exposing the under-
such mantle was recognized as a discrete unit in the lying mottled cratered plains,

south polar region. This unit has a substantially greater

crater population than do the central polar units de- Cutts (Ref. XIV-10; also see Section XV of this Report1

scribed below. In addition, unlike these deposits, this concludes that albedo markings anti topographic details

unit displays a substantial population of 10- to 30.kin at an equivalent latitude belt in the south polar region
craters that appear to be partially buried. It is distributed indicate strong eolian modification. As described by
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• Fig. XIV-7. Possible eolian features highlighted by the frost. This frame was acquired on
July 10, 1972, and shows a number of fine topographic details highlighted by the frost.
The area shown is approximately 180 km wide, centered near 70°N, 180°W. Individual

_. features are about 1 km in width and 10 km in length, separated by about 3 km,
(MTVS 4295-107, DAS 12906668)

:_ Table XIV-1. Comparison of stratigraphic sequences in the Martian polar regions

• . X.rth ixolar n*gian South l_]ar regnon

Youngest

, Permanent ice ¢leposits (pi) Permanent ice deposits

.. ; Laycrc(l deposits (hi) Layered delmsits

...j Unconformity Unconformity

_/ Snnooth l)]ams (Slh); eteh-pitte(I Pitted plains
• !_: plains (epp }; rippled plai,ls (rp );

debris mantle (sp.)-
,.p Uneon fortuity Uncon fortuity

_" _:. Mottled cratercd plains (mep)

}_ Cratcred terrain

,_, Oldest

:-.
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Fig,XIV-8.l_rellmlna_geologicterrainmap ofthenorthl_larreglonofMare.(RefertoTableXIV*I.)Themajorterrainsshown

• : in order of Increasingage are: (ld-pi--blue) layereddepositsand permanentice; (spx---orenge,rp---flamingo,epp--purple}
i smoothplains,rippledplains,and etch-pittedplains;(sp=--yellow)a light depositwhichthinlymantlesthe underlyingcratered

_ _ plains;and(mcp---green)mottledcrateredplains.Twolesserunitsare shown:(c--brown)cratersand(vd--red) volcanicdeposits.

__ 228 _. JPL TI_CHNICALREPORT32-1550, VOL. IV

1973023947-241



\

o*

Fig. XIV-9.Photomosaicof north polarmappingframeswithfootprintsof text figures.
Thisis a mosaicof _ramesacquireddu_w.grevolutions416 through451, someof which

" wereusedin Fig.XlV-1.The frameshavebeen 5teleogfaphicallyrectifiedand high.pass '
, filteredto enhancelocaldetailandsuppressalbedovariations.Thus,detail is visibleboth

• . in the frost-coveredarea (ins;de_ 7(J°N) and in elm surroundingdefrostedarea. The ,
, _ edgeof the frostisaccentuatedas a light/darkbandbetween65°N and 70"N. Noticethe

,. polygonaloutline.Footprintsof picturesusedas figuresare also shown.

" Soderblom _'t al. _Ref. XIV-9; set, Section IX of this depositsl. Two of the units, etch-pitted plains (epp)and
._, l_eport), the symmetrical distribution of mantling debris rippled plains (rp). are apparently erosional and deposi-
; surrounding tilt, polar regions suggests general transport tional modifications of the smooth plains unit (sp,).

of dchris out of both polar regions. It is therefore prob-

abh' that the equivalent of rids debris unit does exist in A broad belt of the inner smooth plains unit is shown

• _ the south polar region and is simply not recognizable as in Fig. XIV-11a. It has a lower crater abundance than

i it rests on a terrain of about the same albedo, does the light debris mantle (sp:) and is probably sub-
stantially thicker because underlying craters protrude

2. Circumpolar Smooth,Etch-Pitted, and Rippled through the deposit in only a very few places. In one area "
_ Plains (Fig. XlV-1la) several conical ¢_nstructs (vd) with sum-

_ mit craters are visible. These features, inferred to be
"t'hc central polar layered deposits in the south polar volcanic cones, are 50 to 100 km across at their bases.

region rest un(_nformably on a series of _mooth and Unlike most of the features described by Carr et al. (Ref.

i pitted plains. A similar set of units, with one additional XIV-8; also see Section 11 of this Report), the cones are

variant, is recognized in the north polar region in an very symmetrical and with no visible evidence of flows
equivalent latitude band (70°N to the edge of the layered on their flanks or near their bases. S,_ch "volcanic cones"

] JPL TECHNICALREPORT32-1550, VOL, IV 229fw

!

]97:302:3947-242



\

• o •

- _ '-,_ _i_ _ - _, _' . .. :_ . .• ._,_.... . '"_,.< " ' , .'L-,_

• ,._,

• .'_ " II " _ " ,_lrl_ iI

, • ., t:/_''" _ _llll_lt_-_. _'

Fig. X1¥-10. Mottle3 :ratered plains (mop) and light debris mantle (sp=). (a) Ma,iner 9 wide-angle picture of the densely cratered
terrain of tile south polar region is compared with two wide-angle frames (b and c) showing the mottled cratered plains and
debris mantle of the nort_ polar region. (d) Narrow-angleframe disp[ayie.R the mantled appearance of the mottled cratered
plains. The wide.apgia frames cover approximately 1000 km in width, and the narrow-angle fro.me ]00 kin. (a) MTVS 4213-15,
DAS 08079928. (b) MTVS 4288-55, DAS 11622910. (c) MTVS 4291-51, DAS 12152887. (d) MTVS 4289.65, D_'_S118u0046.

•" art. not uniformly distributed throughout the unit and show the nature of the pits and their relationship to the

may nut be fundament_,i:,¢ related to its overall genesis. , smooth plains unit. In both polar regions these cliff-

faced ctel_ pits are concentrated poleward of about the

-'i As in the south polar region, the smet, th plains sub- "10° latitudes.
q

jacent to the layered deposits have been intensely eroded

into cliff-rimmed pits and hollows. In some areas these The last morphological variant of the circumpolar
; pits coalesce and become so deep that the underlying smooth plains is shown in Fig. XIV-7. This unit, term_,d

mottled cratered plains have been exposed. Etch-pitted "rippled plains" (rp), occurs in close proximity to the,%'

" plains (epp) shown in Fig, X1V-8 are mapped where the central polar layered deposits. Like the smooth plains

; surface of the smooth plains (sp,) has bt._n eroded in (sp0 it has a paucity of small craters. A few lar_zcr cra-

'_ such a manner. Figures XIV-Ila, XIV-11b, and XIV-11c ters on the subjacent terrain protrude through the unit.
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". At n,u'row-angh' r_.solution it is charaeterized by an siunal channels spiraling radially outwaM IFi_. XIV-12).

:" al)undm)t, hi_l)ly coherel:t pattern of wav(.fnrms which I_;rh .show .,im,)us and _m_:flar slopes in the ero(u'd
vary in wav('len_th from a few hundred meters to a fl.w complex which appear very su_ooth its seen in narrow-

kilom(.ters, an_le l)hoto_ral)iLv. Th(. north pol:tr deposits al)l)Ciu" to
have a _rcatt.r nund)er of ]axers. su/_e:_tin_ _re,tter total

:-- By eomparin_ Fi_s XIV-3 and XIV-8, it can be seen thickness (see Fig. XIV-I:2). This is substantiated by
that the low albedo I,, nd ',vt)ieh surrounds the layered occultation data (Ref. XIV-2: also s('e Section XXXVi of

_: deposits between 7()_N to SO°N is confined to the etch- this Report) which show that: (1) the basal terrains
_,i pitted plains, ripph,d plains, anti mottled ,'ratered plains. (melt) in the north lit' about 4 km lower than the era-

'" If these units do represent various states of modification tered terrains in the south, whereas (2) tilt' u!)per sur-

of the imwr smooth plains in this area. the dark band faces of the north and south central polar layered deposits
.. could be interpreted as arisin_ cldwr from sorting phe- are at al)out the sanw altitude. This may lend support to
.. ; no)lten,l caused by active winds in these areas or from the theory by .Murray et al. (Ref. X1V-I]) that the (lis-

a str.'ltification of lit;ht and dark materials within the tribution and thickness of the polar ice deposits are con-

.. plains units, trolled at atmosphere-volatile equilibria.

• .a._ the etch pits art, cxmcentrated in the 70 ° to 80°
':" latfludes around both poles and because they show a
"- ,.,reat similiaritv in the erosional morphology, we suggest C. Summary and Conclusions

that the process il:volved in developing etch pits is a
process unique to the polar regions. The variations in Figures XIV-1 through XIV-5 demonstrate that the

'" resistance be:.ween the debris mantle and circum- recession rate of the north polar cap, as monitored by
Mariner 9, was not significantly different than has been:. polar smooth plains is possibly related to the presence

or absence of volatiles, observed from Earth in the past. Thus, the dynamic
planet-wide dust storm does not seem to have had a

3. Central Polar Layered Depositsand Permanent noticeable effect on the thickness of the CO., deposit

• ., Ice Caps which developed during the standard mission.

.... As observed at the south pole, the youngest of the

_ geologic units in the north is a sedimentary complex Tile dominant role of local topography in controlling
,; approximately centered at the pole (Figs. XIV-3, XIV-8, the configuration of the retreating eat) is confirmed. At

_:-, and X1V-9). The layered deposits in the north and south narrow-angle resolution the retreating frost has high-
4. polar areas display dramatic symmetry. Both have a lighted topographic detail that may represent Martian
_..'. paucity of craters; both are located approximately be- polar eolian deposits• At wide-angle resolution the topog-

tween 70 ° latitude and the poles; and both consist of raphy of the smooth plains, rugged etch-pitted terrain,
r even layers of appro_:imately uniform thickness. Finally, and complex central polar deposits is emphasized by

. :f_#'" the uppermost stratum of each is the permanent ice the frost. Topographic control of the polar ice nmrgin

" " ,_, deposit, also appears effective on a regional scale. The polygonal

'• boundary, which persisted at least through the ninth
:- " -. ',_i Murray et" al. (Ref. XIV-1) concluded that the layered week of obserwttion, might be controlled by regional

;': deposits in the south polar region rest unconff,,'mably on topography possibly caused by a tectonie readjustment
) etch-pitted plains and densely eratered terrain. "lhe north to thick accumulations o_ deposits at the pole.

""., : •:i polar layered deposits also uncoMormably overlie older
terrains. In Fig. ,X1V-11e the layered deposits rest on 3
several bt,nehes eroded in the plains. In Fig. XIV.11d a In general the distributions of geologic units in the

large fiat-floored crater can be seen prot_ding through north and south polar regions are similar, The oldest
• ,,, the laye_'ed deoosits, thus indicating that unconformable units in each of the polar regions (densely cratered ter- •

deposition Ires occurred in the north polar region as well rains and mottled (rat(red plains) are also the most _'
as in the south, dom.;nant units of the north and south hemispheres (Ref. _ -'

XIV-8; also see Section II of this Report). In both regions
At a regional scale the erosional patterns of both sedi. plains deposits of intermediate age rest stratigraphieally

mentary complexes ere similar. Bzth display large ero- on top of the oldest terrains. In the north a bright debris
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Fig. XlV-ll. Etch-pitted plains, smooth plains, and layered deposits, fa) Shown In the upper left is a wide-angleview of the rough
•' i etch-pitted terrain developed in the inner smooth plains near the central polar layered deposits. (MTVS 4289-115, DAS11836131)

Two craters In the lower-right corner are situated on cones thought to _heof volcanic origin. The area shown is about 1200 km
' wide. (MTVS 4289-115, DAS 11836131) (b) This high-resolutionview showsetch pits developed in the smoothplains unit similar

to those seen in the south polar region (width -- 240 km). (MTVS 4295-113, OAS 12870688) (c) Here the central polar layered
depositscan be seen resting unconformablyon the inner smooth plains unit which has been eroded into cliffs (width 150 kin).
The escarpmentshave very similar appearanceto those seen in the south polar region found in the same unconformable relation-

., ship to the layered deposits. (MTVS 4294-55, DAS 12502590) (d) In this high.resolution picture a crater can be seen emerging
throughthe central polar laminated deposits (width 150 km). (MTVS 4294-111, DAS 12538500)
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Fig. XIV.12. Comparison of erosional morphologies in the north and south central polar deposits. These two wide-angle frames

showerosionalchannelsof similarsizeand characterdevelopedin the layereddepositsof the northand southpolarregions.
Thesouthpolarframe (a) wasacquiredon revolution216, and the north polarview(b) on revolution416, Theareas covered
are approximately1500 km in width.(a) MTVS4250-11, DAS09339094.(b) MTVS4287-111, DAS1148197,t.

deposit mantles the mottlc-d eratcred plains. The bound- location and morphologiea! style of the etch pits _tt both
i- aries between the two are diffuse and serrated implying polar regions indicate that etch pitting is a unique polar

eolian erosion. Ahhongh it is not clear as to whether the process. Finally the layered deposits of the north and', o

' etch-pitted units in the north and south are the same south polar regions appear to be urtiquely polar, eroded
material, we conclude that the shnilaritics in geographic by uniquely polar processes.
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(Material p,'inted ill Journal of Gcophy.sical Be.search. Vol. 78. 1973)

XV. Wind Erosion in the Martian Polar Regions
Jame_ A. Cutts

Jet Propulsion Laboratory/California Instptute Or Technology, Pasadena, Cahforn,a 91103

Tilt" existence of g}obal .Martian dust storms provides A. South Polar Wind Model Based on Albedo
one positive form of evidence that tile atmosphere can Features

, transport surface materia!s on Mars. The observations
by Mariners 6. 7, and 9 of ._urface markings associ_,ted Dominating many Mariner 9 pictures are conspicuous
with topographic obstacles (Refs. XV-1 and XV-2) also streaks or plumes that originate at a crater, ridge, or
have been interpreted to mean that wind deposits, erodes, scarp and extend up to hundreds of kilometers across the
and redistributes materials on tilt' stl.rface. These lea- surface of the l)lanet. Some of these features are darker,

tures also have been ol)served to change with ti;ne (Ref. others lighter than tilt, surrotmding terrain. Many (talk
, / XV-2); their ephemeral character, as well as tending to plumes appear to (_.evelop from within the floor of a

cxmfirm their eolian origin, also suggests that they in- crater and extend outside it, thus providing an unambig- t
volve a superficial mantle of materials. With the excep- uous indication of wind direction (Fig. XV-la). In some

: tion of a few conspicuous sand dune features (Rcf. XV-8), eases, however, and particularly in the south polar region,
, there has been no well demonstrated case of topographic the dark markings tend to be confined to tile floors of
'_ features attributable to wind action, craters (Fig. XV-lb). Although these markings seem
¢ biased to one side of the crater, and to exactly the same

s._ In this section, a plausible model of prevailing wind side in a group of neighboring craters, the directional
directions in tile south polar region _sdeveloped, based indication is equivocal. Tile presence of nearby craters

• ;'.._ on ol)servations of surface albedo features. A demon- with plumes (Figs. XV-le and XV-ld) shows that where.
'_ stration is given that lineations, grooves, and elongated dark markings are confined to the crater floor they oc-

pits found in this part of Mars lie parallel to the wind cupy that same part of tile fleor from which the plume

,_ directions given by the model. A natural inference is that extends. Thus, an albedo marking in the southern part "'
• _ these ;:eatures, which on morphologic evidence alone of tile floor of a crater indicates a wind fron," the north.

'_ _1_ might be considered structural, solution, or even glacial This simple relationship is of great value in constructing

'_ features, actually were formed by wind erosion. With a model of the wind patterns around tile south polar
this'indication of the efficacy of wind action near the region.
pole, the possibility is considered that wind has seulp- .,
tured the present topography of laminated terrain in tile Figure XV-2 shoxw wind directions inferred from the

interior parts of the north and south polar regions, markings on crater floors and, in a few cases, shows the _.

., ,' JPL TECHNICALREPORT32-1550, VOL, !V 235 ,,.
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,' _,_: Fig.XV-1, Dark albedo featuresassociated with craters attributable towind. (a) Plume featuresextendingfrom craters. Winddirectionis clearly implied (see arrow). (IPL Roll 1934, 1711126) (b) In this group of craters the dark markings ar_ mostly confined to the same ',_
-_.{J_ " side of the crater floors. The directional indication is ambiguous. (IPL Roll 260, 222739) (c and d) Marking in crater floors and

_ _ • plumes. The ambiguity of crater _!oor markings ts resolved. (IPL Roll 1622, 14061; IPL Roll 1936, 22(]916)
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Fig. XV-2. Photomo;aic of the south polar region of Mars. Arrows Indicate wind diroctions Inferred from dark albedo markings asso_i-
' ated with cralers (see text}. This Is also a location map for Figs. XV.3a through XV-3b, Fig. XV-4, and Fig. XV.S. The nu_nbers and latter

subscripts refer to the figure Identificatlon_ used in the text. The upper-left-hand comer of ea_:h picture i s denoted by a solid dot, Pro-
,pared by U, So Geological Su_ey with re_tlfled pl .cture_ by the Image Processing Laboratory _IPL).
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fully devclolwd phm_t, fe,durcs. Th_,, ' markiJ:_s, fmmd the poh. is likely t_3 hc n:uch nmr,' ,:mnplcx. As the"
in the r,,n_e _f fr.m C'_I to 75 S l.ditude. _t'_ur in some lwrcnni,d fr_;st (h'l_)sit i_ highly irrc_ular , Fl_. XX,'-2_
of the pit,; .rod hasin_ of pittc-d terrain ,is well a_ ill as_,_- and _*[,ct trmu the arc_r,q_lfic lu)h', tilt. (mttlow winds
ci,di_m _ilh traters. ("io_cr to tile lmh • tl_t" surtaee i, will not bt' symmetrical with rc.-SlWctto it.
prcdon,in,mtly mantled with I.,ver_,l deluJsits d:._crilwd
as la:uinatcst terrain hv .Murray ct al. fHcf. XV-4!. l_c'-

c,;c__efi-u. it .my. craters are pre_cnt .n thi.; sorface, this B. Possible Wind Erosion Forms
'_ b_,sit" wind dirt,'tion indicator i, lost. Lm..al or small-
'; of the South Polar Region
,_ ,t_de _1 ',_ 51} kin, alhed_ feature,; are not cnnH_icu_us

in tiffs area t-xccpt l_t',lr q'l,vh,s Xlo_m tT7:S. 1.5.5WI. 3lariner 9 picturt_ show sevcr;:l tYl_,s of topo,_,raphic
-," features, re,my wit_, .stron,_ directional pattcn_s su,_,_es-

A striking ft'ature of the _ind map (Fi_. XV-2t is the tixe of wind erosion. On the crate.red terrains they arc
stnmff symmetry .d'.out tilt. polar rotation axis. Directions least Fronounet_l. which may indicate that these sur-
are predonfin,mtl:" xouth_'asterly so that in lmlar projec- faces are rtsistant to wind erosim_. The pitted terrain
tio:_ mu' has the imprcssiun of a counterclockwise spiral however, displays a variety of th.prc_sed and etched lea-

" circulation, with wind_ at the surface hlowin_ away i'r_;m turt.'s with a stron_ directional trend.

the poles. Outflow winds, spiralin_ ,_, a result o_ the
c'oriolis furce. ,,.re-o_served n_ar the terr.tstnd ice caps 1, Pitted Terrain
of Greenland ,rod Artareliea. The Nlarti_:,_ _urfa,... mark-
in_s may have been formed by similar circulation Figure XV-:3 shows several examples of possible wind

patterns which may devel,_p when they lit' just outside the erosional features that occur on the pitted tcrrain. The
margin of the receding lmlar eap. The rt?aulari_" and svm- pieturcs were ," ' fined I)y the Mariner S narrow-angle
metry of the markings ._u_z_.'stthat stron_ winds with a Ihi_h-rt.'solution) camera, and all features are found in

"" consistent direction are a regular planetary phenomenon the riO'- to 75:S 1.,titude band where the inferences
which may have been oceurrin_ since the formation of ahout wind direction based on alhedo markings .,,c

thought to he most reliable I,Fig. XV-2).the atmosphere, and which may have ploduced more
pro'ound effects on the surface than superficial albedo

" ma:kings. In the first example (Fi_. XV-3a) the thin. sparsely

; cratered ,'eneer visible in the upper ri,_ht of the picture
High-resolution pictures of the three basic terrain is marked with numerous parallel _rooves. The jaggt.d

types of the south polar region (eratered terrain, pitted ed,_e of this veneer, which has apparently been stripped

terrain, and laminated terrain) reveal a varie%, of topo- from the , .derlying surface, shows several promihent
graphic features with strong directional patterns. Mor- indentatic,., ;.hat are aligned with the _rooves. The wind

' phologic considerations alone suggest an eolian origin direction nferred from the albedo features is parallel
as only one of several possibilities. However, by co_._- with the _,"_oves within the accuracy of the model (_---10° ,t
paring wind directions implied by albedo markings with at this location). The topographic features are therefore,I ° "

directional t_ends of these topographic forms, we can interpreted as wind erosion grooves that parallel the
'- test the eolian hypothesis. In some cases this comparison direction of a prevailing wind system. Yardangs, wl,ieh

is straightforavard because an albedo feature which we form in loosely consolidated materials such as snow and
assumed to be eolian is associated with the topographic silt (Ref. XV-5), art. the nearest terrestrial analogy to

: form we wish to test. h_ other cases tlae topographic these features. The pattern of the indentations at the
form lies between two albedo features, and wind d'irec- margin of the depositio;,al veneer is aligned with the
tion is inferred from an average of measurements on grooves and nmy represent differences in response to

these two features. In the absence of nearby albedo erosion of the material along the margin.
: features, a mean of directions found in the entire lati-

tudinal belt is used. The wind direction inferred from surface markings
{arrow) is also parallel to the principal alignment of sur-

This wind model based on surface albedo markings face texture in the terrain appearing in Fig. XV-,.qb. A
is an intermediate step in studying the effect of wind on prominent feature is the ridge that is developed tan-
pol.ar terrains. It is applicable in an annular zone with gential to and in the "lee" of the large crater. Several

' i an im:er margin near 75°S latitude in which features small features with a finely etched appearance are seen
have be.en recognized. The behavior of winds closer to at tho lower left. One possible interpretation of the

-i 238 JPL TECHNICALREPORT32.1550, VOL. IV
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"J Fig. XV-3. Poss!ble wind eresion features on the pitted terrain. Arrows show wind directions
_ inferred from albedo markings in the vicinity of the features (see Fig. XV-2). (a) MTVS "

4155-27, DAS 06173723. (b) MTVS 4232-3, DAS 08691911. (c) MTVS 4270-23, DAS
, _ 10023239. (d) MWS 4203-12, DAS 07756353. (e) MTVS 4168-9, DAS 06640693. (f) MTVS
' _', 4234-14, DAS 08763869.

::-_ geo]o_, is that the large crater is in the process of and repetitive as forms found in tile laminated terrains

)_,, e,dmmation from a depositional manlle, If this is valid, nearer the pole•
_ then the ridge tangential to the crater rim may be either
"_ a dune deposit or part of the original mantling deposit In the fourth examph, of erosional features on the

which is p,'otected fro,n erosion in this leesirh; locatioP,, pitted terrain (Fig. XV_qd), el.mgated depressions are
_' developed perpendicular to the wind direction given by
,_ The shallow basins of Fig. XV-Sc apparently have the albedo feature model. However, the ragged rims of
_', developed with a preferential elongation parallel to the the depressions, which iu one ease intersects the wall of

_¢ wind direction. However, the edges of the basins are not an impact crater, are morphologically distinct from the
i-_1 straigl,t but sinuous, although not as smcoth, graceful, straight and sinuous rims of those depressions that are
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(,lont_,lted p,mdlel to tht" pruvailin,_ wind. A remarkable l:arrow-an_le pictures (Fi_s. XV4b, XV-4c. and XV-4d).
analogy for this is found in tt.rrt.strial snow deposits. The eton_ate pits ;rod Rro')vt_ CFi_. XV4b_ art" typical

"" Erosio,la] b,_sius are obserx't_d to c!ont_ate par,',llel to and ,ff the sm,dl-st_de texture of laminated terrain. In some
ll('rn('ndir'ld,ar Itn -, ,,_-,.,.,;1;.... :"]::tl. The J-",,,,_-r _,ttc_ur_ cast.-sa pre+t.rred direction is obvious and individual pits. , " "° 1......... "_ .

exhibits rag_etl, irregular rims (Ret. XV-_). art" asymmetrical, wider at o,u, end with almost a tear-
drop _hape. In other cases (Fi_. XV--It-) a texture is

Similar transvel_c depressions with ja_txt rims IFi_. clearly app;t_ent, but the direction is less pronounced.

::. X\'-:3e_ are ,cssot.iated with irregular, smooth-floored de- A series of dune-like ridges (Fi_. XV4b) lies adjacent to
/ pressions without pronounced dir_tional properties, the _carpment that marks the margin of the layercxl

.. These (,-prcsslons'-- range in size from small 3- to 5-km pits deposits.
:" to much larger basins up to 40 or .50km in diameter. Irreg-

ular basius on Earth art" sometimes attributable to de- Pits aud ffrooves have been identified on about one-

flation by wind. the great Qattara depression in the quarter of the laminated terrain surface for which narrow-
" Egyptian Sahara being the most notable example, angle photograph)' exists. However, much of the visible

structure is at the limit of resolution of these pictures,
.... di_ffcrent type of irre_adar depression, with a hum- and at a hight,r resolution it ma)" be even more wide-

mockv floor and highly irregular mar_zin, appears in Fig. spread. The pits and _rooves are, in man.v cases, parallel
• XV-:3f. -_ uotable feature at this depression is the dark to or inclined at a snmll angle with the trend of the

albedo accoutring at what is inferred to be the downwind escarpment;. However, in Fig. XV-Ie the fluting is es-
margins of the depression. Features on the opposite mar- sentially perpendicular to one escarpment, yet parallel

._ gi,1 sua,t_est slumping of the depression walls, which to another one that embays the layered deposits. A
distinguishes these irregular basins from those of Fig. maior t-sc-arpment re-entrant that extends toward the pole
XV-:3e. displays a different kind of surface texture (Figs. XV-2

- and XV-5). This texture has a prominent north-south
Through the application of the wind model and the grain that is roughly parallel to the axis of the re-entrant.

exercise of terrestrial analog3', the six terrain surfaces of The long bright streaks and the arrays of delicate bright
F_,;. XV-:3 can be attributed to wind erosional modifica- features arranged at a high angle arc morphologically

• tion. Variations in the surface materials, pre-existing distinct from the pits and grooves of Fig. XV-4.
topography, and wind regime may account for the con-

: spicuous differences in the appearance of the surface at Proving that the flutes and textares of laminated ter-
7 the different localities. T_tere are other features in the rain are due to wind action is more difficult than for the

. same latitude zone where lineations are probably struc- features of the pitted terrain. Pits a_d grooves on the
, turall:" c_mtrolled. An example is the intricate grid pat- lobe of laminated terrain (Fig. XV-4) are in the latitude

. ._ tern kam_ma informally ,as tl,e "Inca City," which Sharp range where albedo features provide a consistent wind
(Ref. XV-7; also see Section XVI of this Report) discusses indicator for the pitted terrains. However, on the inter-

.: in context of a more complete descriptive treatment of scarp plains of laminated terrain (Fig. XV-4), the direc-
south polar pits and etched terrains, tion of the fluting is generally within 80 ° of north and

' south. It changes from west of north at 230 ° longitude to
2. Laminated Terrain: Small-Scale Features east of north at 215° longitude, whereas only values west

' _ Layered deposits cover a large area of the central of north are expected from examining the adjacent albedo
"_ polar regions in both hemispheres. In the southern hemi- features. If the flutes are wind features, a plausible
_ sphere many narrow-angle pictures have been obtained explanation is that topographic relief of the margioal

" _ of the margin of the layered deposits where the older, e_carpments modifies the wind patterns from those that

i underlying eratered terrain or pitted terrain surfaces prevail on a planar surface. The bright streaks aligned
emerge. This marginal area exhibits curving, sinuous with the major escarpment re-entrant, which occur much ",
and re.entrant escarpments, partially buried craters, dune closer to the pole (Figs. XV-2 and XV-5), may even be nn

, _ forms, and small-scale/luting and grooving of the surface, expression of topographic channeling of winds. _

ti A lobe of laminated terrain extending ahnost to 72° The morphology of the flutes and textures of laminatedlongitude exhibits many of these features, Part of a wide- terrain are not inconsistent with an eolian origin. The
angle picture (Fig. XV-4a) displays the escarpment that flutes are very different from the pits of pitted terrain ;

is marginal to this feature and is used to locate three (Fig. XV-8), but material differences between the pitted -'_,
240 JPL TECHNICALREPORT32-15_.Ke,VOL.;V ;

"\
• . ...... .-. .... ._ ..........

973023947-253



\

,_qP ;,,. .. . x- ,

"' ;7"-
._ _ _ "¢, "-... :

c,) ",," n_. -_,_ ...... ' .... -• _ .- .. •

%. . "

_" i_ _'_-_/. ,
' . _':','_' W'/ _,

" .- ' r '?X.#'
: . " \ . ": ,

¢ •
,,.... ': ,,, "_, "

Fig. XV'4. Part of a wide-angle frame (a) is used to locate narrow-angle frames (b), (¢), and (d) showing elongated pits, grooves, and

dunes on and adjacent to the laminated terrains of the south polar region. (a) MTVS-4171-5, DAS 06748808. (b) MTVS 4213-21, DAS
08080243. (c) MTVS 4226-15, DAS 08152273. (d) MTVS 4285-66, DAS 10684504

:' terrain and the layered deposits, earlier suggested by whereas bright streaks and other textures (Fig. XV-5b)
'- Murray et ,d. (Ref. XV-4), could account for this. If wind express erosion and redeposition in tile fom_ of dunes.
" features form on the pitted terrain, one would expect

_ them also on tim layered terrains. This evidence, to- 3. Laminated Terrain: Large-Scale Features

_' g(,tller _ith the dune-like ridges (Fig. XV-4d) discussed In viewing images of both tile north and south pC._r

in more detail by Sharp (Ref. XV-7; also see Section XVI caps (Fig. XV-6) when they are close to their minimum ,
of this Report) and Cntts and Smith (Ref. XV-8; also see size, on," is struck by tile similarity of the Martian frost

_' Section XI of this Report) makes an eolian origin plau- patterns to cloud patterns induced by rotational motions
,-, sible for tile small-st,ale features of laminated terrain, in Earth's atmosphere. The frost distribution seems to

One might speculate that the pits of Figs. XV-4b and reflect large-scale topographic features in tile underlying
: XV-4e indicate only the erosion of a layered deposit, laminated terrain. In this section we examine tile pos-
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Fig.XV-5. (a) A major escarpmentre-entrantextendint toward the southpoleis seenin partof awide-anglepicture.(IPI_Roll167,
142409)(b) A mosaicof narrow-anlleviewsot the apexof this re-entrantdisplaysa stronglydirectionaltexture alignedalont the re-
entrantaxis,The topographyin thisarea is attributedto winderosionanddeposition.Winderosionmayhaveetchedoutthe entire
re-entrant.(MTVS4248-11, DAS09267099; MTVS4248-16, DAS09267169)

' sibility that these features have been sculptured by rota- Pseudo-circular features underlyirlg the polar caps
; tional or spiral motions in the atmosphere of Mars. appear to be scarps or troughs developed in layered

deposits which ilia)" consist of (lust, volcanic ash, and
Albedo markings have been cited here as evidence of water ices (Ref. XV-4). Some of these features resemble

wind directions between 75:S and 60°S, but are of no the escarpnlent outside the residual pohlr cap (Fig.
' '7 direct help in defining wind directions in inner polar XV-4), although fine-scale texture in the inner polar

zones including the perennial polar cap. The g,.'ometry zone shows no strong preferred orieutation. The escarp-
.. of albedo markings and erosional features in the south n,-nts form en echelon and in some places create either

! polar annular zone supports the idea that outflow winds closed loops or gently expanding spirals which can give
' from the polar cap spiral toward the west. A Mariner 9 the impression of a stack of plates of decreasing size

picture of atmospheric effects during the recession of the assembled at the pole (Ref. XV-4). In some area_\ how-

'_: north polar cap (Fig. XV-7) shows a jet-like formation ever, the escarpments diverge to form series ,' small
apparently spiraling cloekwise away from the pole. There jagged re-entrants (Fig. XV-8).
is no evidence that this particular formation is causing

erosion, but this is the kind of flow that The laminated terrain the residual ,mrthcertainly pattern uuderlyiiig

i is envisaged for winds producing erosional effects be- polar cap appears to consist of two circular patterns, t, aetweell 60_S and 75°S in the south polar region. Descend- centered near the pole and one centered near 82_N, 0°
_, ing masses of air near the cold polar regions and the out- (Fig. XV-6b; Fig. 2 of Ref. XV-9; also see Fig. XIV-2 of

flow wind from tile sublin_iug polar caps nloving under this Report). Separating these two patterns is a major
[{ differential pressure, eoriolis and centripetal forces ap- escarpment re-entrant with similar geometry to that seen

Imrently create the conditions for these types of arums- in the south polar regiozz (Fig. XV-5). Only moderate-
_! pheric motiorls. However, the jet-like forlnation does not resolution pictures of this feature are available and they
; extend ;nto the inner part of the polar cap and gives no show no fine-scale texture, but the analogous feature in
: indication of what tile flow patterns are in that region, the south does show alignment of bright streaks and

L
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otl,er tim" det,ul _Fi¢. X\'-5b_ which may be eolian ill able. partk.u]arly durin,_ the summer seasons when the
origin, frost distribution is irregu!ar. If wind erosion does oper-

• ate elsewhere in the polar re_ion it should also be circe-
"., " The planimetric eomph'_ity nf tl'," fe::turc_ undt'r!yin_ ti_t- in tht" vicinity of the r¢._ldual caps. although the

the pcrcmfial polar caps preel,des a simple geometric resultin,L features may also reflect material ditferenc¢'s
argument for a wind erosional ori,4in. However. complex within the deposits an:l differential ablation of volatiles.

•' ' wind patterns in the inner polar regions are not improb- Ont, might speculate that the residual frost caps cause

h rotational flows to develop witb ahnost closed flow pat-
;_ _ terns. The eircular features underl)'in_; the two segments

iot .. '" "" of the north polar cap (Fig. XV-6b) might have been
. ,- developed by taro such disturbances with different cen-

-. --, ;. _ , ters. The physic_ of atmospheric rotational motions does

• " ,. . _ -. '"-',_ _ . not require that they bt centered on the rotational pole

- '\ / •

,11_.¢
t .

'. : _ - "._..,, ..

.. . . - ,

-...,Z'_. ; :/_T NORTH -._ E .:._::-_'.. - :," . ', .

_ " Fig. XV.7. Cloud motions confirming the existence of circular or
spiral motions in the north polar atmosphere. (a) Shading-

I! Fig. XV-6. (a) Wide-angle view of the south polar cap. The config- corrected picture in which the contrast of the polar cap region

uration of the frost strongly expresses the form of the underlying has been exaggerated and very little cloud structure can be seen.

topagr_phy. The circular end spiral forms in this underlying (MTVS 4295-70, DAS 12874573) (b) High.pass filtered version ..

"laminated terrain" are attributed to sculpture by wind. (MTVS enhances fine detail at the expanse of photometric fidelity and
4190-8, DAS 07288788) (b) Wide-angle view of the north polar shows a Jet.like formation extending from the cap edge. (MTVS
cap. (MTVS 4296-46, DAS 13317550) 4295.72, DAS 12874573)
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of thv plam't. Scarps and trou_,hs undcrb,'ing the resid- C. Discussion
:'_ ual palar caps could result from air motions both paralh'l
{_ Eolian erosion on Earth ix most effective in fine, looseh
,% to the slows and also highly inclin(,d to them. Possible
':, cxamph's of the former kind outside thc polar cap appear consolidated deposits. In most inaterials tilt' lar_er rock
"" in Fig. XV-4b ant| _'xamp]es of the latter in Figs• XV-lc fra_xzlents that are left behind when 8m'r materials art'
,. and XV-5b. However, wind ero_inp, remains a highly winnowed away armor tilt' surface. Further deflation is

speculative cxphmation of the features underlying tile restricted to creep of larger pebble-sized components
:_ under the in'pact of saltatin_ sand-sized particles and:_ r_idual ice caps.
d the reduction of the pebble-sized components to a finer

grain size by mechanical impact of the saltating particles

(o) ._,Nvi __ ._,.' and other weathering processes. Even though the pro-

. • /'_/'_'."/_ __._ .,... . " tracted time scale ot: the Martian surface might allow

_" ..', .-° even the slowest processes to achieve visible effects,. ° i: armoring of tile surface is a potential obstacle to erosion

/_0o w " . ;,__,. /_'" :_ .... on Mars.

.. ,./: -• " -i "" According to current ideas on the nature of laminated
• __ , ...,._._;_ t_- "".-_+j._%.7"_" ." " terrain (Ref. XV-4 and XV-10; also see Section XVII of

_- _ .--f'_'_5'. . _'_--., this Report). these deposits consist of dust and ash pos-
- % :,. -"_ ' itl V_ -.-tt_,, _ " sibly mixed with frozen volatiles. Fine-grained, loosely

, \ , , , _ _ . ". consolidated materials of this type should be easily de-

__l_:'_"l_" _i_lmamR_ :_ flated without the fe ..... tion of a residual armor of
\

_,.,.,.-_,. _" "_C'" _.-- 7,__. _-'_ larger particles. Thus, there seems to be no particular" _.... "-.,-• _. difficulty with an eolian explanation for the pits, fluting,
_,_,.- : ' , and grooving that have been recognized on the laminated

'i"i_)__'_.-,.x_. '. " terrain surface.

It has been pointed out (Ref. XV-4) that the pitted
f -,

. _o terrain erodes in a different fashion than the laminated

,, _ -. " ,' ',' :! terrain. Slopes on the pitted terrain are characteristically, concave in profile with a sharp upper edge. The lami-

: , o , , nated terrains, in contrast, are smooth, gracefully sculp-

"' ,II , tured surfaces with gentle slopes: the upper edges of the
' _' slopes are not sharp, but rounded. Thus, the physical

!i _ "' response of the pitted terrain seems quite different, and
:; ' " this might be attributable to a significant proportion of
_, ' . particles too large for saltation to be effective. This could

" " ': explain why erosional features on the pitted terrain unit,
which is older than the laminated terrain since it under-

, i t, lies it stratigraphically, are much less widespread and
' i _ . confined to a small part of the total area of the unit.

l "_ i:< Armoring could be confined to a relatively thin zone near-" t the top of the unit, for where pits form they seem to have
'' _ @_.. " developed rapidly into deep basins with steep walls

• '--":: : •I, _;_._._. _. . ,. (Ref. X'¢-7; also see Section XVI of this Report). It is
= felt that the observational correlation behveen albedo

a:ig.XV-8. V-shapedpromontoriesandre-entrantsatthe margin
" . _ of laminatedterrainsin the northernpolarregions.(e) Partof a features and erosional stripping and grooving is strong

'" _ wide-anglepicture. (MWS 4290-114, DAS 12013129) (b) A evidence that wind action has sculptured this part of
hlgher-resolu;tonviewofpartofthemarginshowsthetopography Mars.
inmoredetail,butwasobtainedfromtoogreata rangeto show
thelayering.Thesefeaturesareattributedto windactioncircling

.,, * perpendicularto the escarpmentedge. (MTVS4295-58. DAS An alternative theory of formation of the qu,-si-eircular
12870618) topographic features of the polar regions ha_ been ad-
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"- vane'..d I)y .Murray and Maiin IRef. XV-11). They inter- .S,ITVS 4296-31, DAS 12991272) _ and does not fit with
,L 1)r,.'t tilt' features ;_s a cmnplcx sequence of "fossil lati- this "polar wandering model." Tile polar wandering

¢ -- tudinal circles rt,lated to aneient pole positions over the theory is so ._cometrically confining that it cannot pos-

'_ last !fl" vt"t_s." Aeordin_ to this m_dcl, formation of both sd)lv account for the great variety of topographic forms
individual laminations and stacks of laminations develops that occurs on lantinated terrain. Wind action, which

,_ in response to the mean insolation at the poles, which from terrestrial experience' is known to create a great

" changes as a rt'sult of perturbations in .Mars' ellipticity, variety of topographic shapes, does not have this limi-
, The prest'nt topo_rallhy of laminated terrain is not tatiou.

/ viewed as an erosional surface, but a _cries of construc-
._ tional forms controlled by the chan_in_ heights at which
-_- solid and _aseous carbon dioxide reach equilibrium dur- D. Conclusions

ing depositioa.
- Phot6graphic evidence suggests that many topographic

" The most conspicuous failing of the polar wandering features of the polar regions of .Mars may have been
--" theory is that the circumpolar features at the _vo poles sculptured by wind action. In the case of the pitted ter-
_' are not symmetric. The eolian theory su._gested in this rain, this is established by relating the orientations of

section has no such exact requirement. However, it can elongate basins and grooves to patterns of albedo mark-

account for the fact that the pseudocircular topographic ings that are generally accepted to be wind-formed.

teatures are offset from the poles. There is no physical Small-scale flutes and other te.,:tt,res of laminated terrain
reason why rotational atmospher!c flow would be exactly recognized outside the perennial ice cap in the south

_- " centered on the rotation axis of Mars. polar region are also attributed to eolian action. Winds
flowing off the polar cap and spiraling toward the west

seem to be responsible. More speculatively the large-
Another fading of tile polar wandering model is that it

" only predicts the formation of circular stacked plates, scale circumpolar features which underlie the residual
_" The features of laminated terrain cannot be so simply polar caps may be related to wind erosion. Rotational

deserihed. Many topographic forms are found which motions localized on circular segments of the perennial
" cammt be described as s=.arps facing equatorward. The frost deposits are proposed as a mechanism. Thus, both

• sinous escarpments in the region of Thyles Mons (77°S, the formation and erosion of laminated terrain may be

,_<_ 155°W) clearly bear a genetic similarity to the circum- controlled by atmospheri,s motions anta eolian processes.
,:_, polar escarpments, but could never be described as "fossil
"1' latitudinal circles." Much of the laminated terrain in the 1picture identifications in text refer to Mariner 9 pictures not in-

,_ eluded in this section, but which provide additional explanatory, north polar regions consists of curving troughs and not material. All Mariner 9 pictures may be ordered from the National

, . _ scarps (e.g., Fig, XV-8; MTVS 4296-89, DAS 12991412; Space Science Data Center, Code 601, Greenbelt, .Maryland 20771. '

\
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" XVi. Mars:,SouthPolarPitsand EtchedTerraiw
Robert P. Sharp

D,visionofGeologicalandPlanetarySciences
• CaliforniaInstituteof Technology,Pasadena,California91109

lr_ its 1969 flight past Mars, Mariner 7 photographed dented by such features are termed "pitted terrain." As

some highly irregular closed depressions near the prime pits enlarge they become integrated, eventually produc-
:_ meridian at latitudes 70° to 74° south, within the area ing a terrain more properly described as etched. Etched

, ._ then covered by annual polar frost (Ref. XVI-1). These terrain is seen within the south polar area at about 70°

were unlike any features seen on Mariner 6 and 7 pie- south (Fig. XVI-1). t

i tures at lower latitudes. They were termed "etch pits"; from a resemblance to forms etched by a corroding Although pitted and etched terrains are unusual and

,: ._i agent, but in 1969 it was uncertain whether these pits interesting in tilemseh, es, their principal value lies in
existed solely within the annual frost cover or were fen- what they tell us concerning the history and evolution

., [', tures of the underlying substrate, of the south polar area z,nd of Mars. Particularly sJgnif-
: leant is the ind'.'eation of alternati;_g episodes of depo-

" The Mariner 9 pictures of 1971-1972 clearly establish sition and erosion within the south poiar region. Con-
that the pits are features of the oubstrate. They are siderations are limited to the region poleward of 65 °

' fu, ther shown to be extremely abundant in some areas south, although pictures from the north polar area also
poleward of 73° south (Figs. XVI-1 and XVI-2), and to suggest the ,_xistcnce of pitted terrain there (Ref. XVI-2; ,
occur in a wide variety of shapes, sizes, and arrange- also see Section IX of th;s Report). ,',

" meuts (Fig. XVI-8).

The simple term "pit" is now used for these tope- g. South Polar Sedimentary Blankets
graphically closed depressions, and areas extensively in- :,

The Mariner 7 flight of 1969 revealed that much of the

_Contribution9-_66,Divisionof Geologicaland Planetary Sciences, polar area southward of 80° latitude was craterless and
CaliforniaInstitute of Technology,Pasadena. relatively smooth. This h_s been confirmed by Mariner 9
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pit.tu,_'_, which also sll_xx large areas of smooth terrain linear Rrooves aim only a f(,w small, frc,sh, bowl-shaped
: tat r¢._ohJti(m (d 1 to '.29kin) vxtt,nclin_ north to at least eratc,rs. Elsewhere, this blanket has been extensively

7(, _outh I,ttitud_,. _,h,ut 60:"( of the ar_'a poh,ward of -rode<l, cxposing a we'll dcx'cloped inttqmd laycrin_ (Fig.

that lalitud_, has v(.rv low relief. Tht'._e fe::turvless areas X\'l-.3b), which appears to be essentially horizontal. As

,m, uc)_ ,_,e. t_ bt. cov_,n,d Iw mantles of matt'rial which many as 50 individual b,'ds can be identified in sinRle

burx tiw umh,rl)in_ cratered surface (Ref. XVi-8). exposures. Total thickness of the lavcred blanket is esti-

mated, with eonsidcrabh' uncertainty, at (" to possibly

_ It I_ m,t ,l fimc'tion ,)t this article to provide a thorough sev.'ra[ kilometers (Refs. XVI-2 and X', .-4 through
/ d_'seril)iicm t_i the_' blankets, as they art' beha_ treated
. _.ls_.x_her(, (lh'f. X\l-4: also st'(' Section XVII of this Table XVI-1. Types of Martian south polar blankets

-_ ]/q),rtl. lh)wt'ver, tlwv are so intimately associated with

l)ittm_ and ctchint_ that s,qm(, knowl(,d_e of their salient Youugt:st I Layered blanket (tmpittcd bt,t highly
" ('haract_'ri._tics is nt't'd('(l. The typt's of bhmk('ts identified sculptured)

" art' shown in Tabh' XVI-1. Th(' residual ice ._hect and II Masswe blankets

t}l(' ,ll'llltlzl] frost cover art' lnore ephemeral phenomena A. ttomogeneous and slructureh'ss (most

? not tr_.ated here. extensively pitted and etched)

Oldest B. Locally strongly structured (strongly
Part o_ the area cover_,d by the layered blanket is a eroded)

smooth feature]ess plain bearing the imprint of shallow

,\

Fig. XVI-3. Details of trees of pitted terrain outlined in Fig XVl,2. (e) Structures in massiveblanket etched out by wind to producea
1 quasi."lnca City." (MTVS4261-12, DAS09734769) (b) Irregulz;rpits in massiveblanket and a remnant of the youngerlayeredblanket•

i (MI"VS<,247-7,DAS09231189) (c) Pits in massiveblanket with unusualabundanceof youngcraters. (MTVS4251-24, DAS09375039)(d) Pit complex in massive blanket. (MTVS4146-3, DAS05918715) )
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XVI-7: al_o see S('ctiOllS X[\;. XVII, and XVIII of this an_ul,u' wl.u'e structural control i_ qron_. I'lts occur m

. l{cl)ort). _roups, and the term "'pitted tcn'ain'" is applied to arc,t-
whm.o pit_ a,,'v especi,dI_ mm, rou_ _I'l,_. XVI-4a; l._

The layered blanket appears to l'est unconformably some placcs, thc :hal)e,, and patterns svvud,_l._ rvth.ct
upon one or mow mas.,,ivc blankets, and m some places control by _tructm'v,_ in tlv' pittcd bhmkct or tl,' i_dm'l cc
directly Ul)ml the unevcn hedror'k surface. This strati- ot some directional lUrOl)(.rtyof thc erodin_ a..,('nt, lhm-
_raphic relationship and the pauci_ of craters on its ever, a lack ot consistency in ._hapc and arran_vmcnt is
surface _u_Scst that the I_,vercd _equence is the young- common clsewherc.

: _'_t oF :,11lhc polar blankvts, except the annual frost and
- the residual ice sheet. :Uthou,zh e\tehsivelv eroded and

locallx pocked with smooth-sided, shalh)w hollows, the 2. Pit Floors

stratlfi<'d bl,mkct has not suttcrcd pitting and etching of So.re' floors arc ,;mooth and others are rouzh As:de
the t_ pc to be described, from local stron_ albedo markings, _mooth itoors display

only gentle urKlulatians o, minor topographic irre_uLu'-
l{cmnants of massive unlavercrl blankets mantle ot]ler ities at tile foot of pit walls and avcrv fex_ small (0.5 to

p;.lrts oF the SOllth polar I'c_ion. The younqest of these. 1 kmL h'esh, bowl-shaped craters.
J seeming]x" homo_cnetms and structureless, is the most

cxt-n_ivcly pitted and etched unit (Figs. XVI-° through
Flou:4h floors havc knobs, ridges, and craters of two: XV1-5). Its thickness is conserv,ltivelv estimated to range

varieties: small, fresh, and bowl-shaped: anti lar_cr (tofrom _bout 400 m at 80° to 70°S to about 50 m at 65°S.
I0 kin) deteriorated craters, many of which retain rein-

This st,'uctureless unit apFsars to rest uneonformal)ly nants of what looks like a central filling. It will be argued
on o,e or more still older massive 1)lankets which locally, later that these rough floors have 1)ecn exhumed fro,n

" at h'ast. !:ave strongly developed nero'-vertical linear to beneath the blanketing material. Smooth-floored pits. by

gently eurvin,¢ structures. These structures locally con- contrast, have bottonwd within the blanket.
sist of i:_tt.,sectin_ sets, which have hecn etched out by

differential erosion to produce regular _zeometrieal pat- 3. Pit Walls
"_ terns, the most striking of which was chri:,_ened "Inca

City'" _Fig. XVI-Ba). ' Pit walls break sharldy from the surrounding upland.
and most wall faces appear smooth at tile limit of reso-

Constitution of both the layered and massive blankets lution (0.:3 to 0.4 kin). Only faint suggestions of ortho_-
is striz.tlv a mattcr of speculation. One of the more ap- onal sea, rings arc seen on some, and "_few show small

pealint_ suggestions is that they are eolian accunmlations scallops just hclow the brink. Occasional slump blocks
consisting of fhw particulate matter, some possibly of and slmnp cracks aw associated with pits (Fig. XVI-41)).
volcanic origin, which fell fi'om the atmosphere along In profile, the walls appear largely straight of slope with a
with, or alternatin_ with, particles of frozen volatiles, steepening just l)elow the brink and a concave transition

.. largely H..O and CO... (Refs. XVI-.3, XVI-4, and XVI-8, at the basc. Their s!ope is not known, but for purposes

'. also set, Sections XV and XVII of this Report). of depth calculation it is conse,'vativclv estimated a, _0°. :
With one possibh' exception, layering has not been seen
in the wall materials. Outhers "f the dissected blanket

B. Pits composing small buttes and mesas have bounding slopes
:, with features like those of pit walls.

1. Geometryand Size :
_ Pit,, of the south polar region arc sharply outlined, : /_

closed depressions w_th abrupt walls (Fig. XVI-4). They 4. The Extra-Marginal Upland /

-- _ range primarily from one-half to several tens of kilom- The upland surface immediately bordering pits is /

eters across and have a maxnnum depth of about 400 m, mostly smooth and relatively featureless. It is but sparsely
conservatively calculated from an assumed 10° wall indented, to different degrees in different areas, by fresh,

_,' slope. Large pits are deeper than small pits, and some bowl-shaped, relatively small (<10 kin) craters. The up-

: compound pits, formed by integration, have stepped land surface is also scarred by paralM grooves up to 0.5i1¢

: , _ floor levels. Outlines range from simple and s:noothly km wide and several kilometers long, and it locally bears
, curving to euspate, irregularly indented, and locally groups of i,',' _ular wavelike ridges. Additionally, upland

' _ 250 JPL TECHNICALREPORT32-1550, VOL.IV

i
I

1973023947-263



-%

o
L._

1

_ o 5

• _,, _
i

Fig.XVI-4. (a) Assemblageof pits _,ithin massive sedimentary blanket at Y3.7"S, F6.8"W.
i. (MTVS4132-21, DAS05453843) (b) A largecomplex pit at 71.1"S, 358.3"W, which exposes

rough bedrock floor underlying the massive blanket. Steep, slump-marked walls, and local
dark albedo markings on floor merit note. (MTVS4234.15, DAS08763869)
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,,urtac_ _ disp!._) p,tr,dh.I tlut,.s , ircular depressions _0.5 medimn that tic,wed as amas,; across the entire surf,we.
:- km acru_'. ,.nd _]mrt irregular rid__-s in x,triou_ cc,nfigu- B,.caus¢. thv area i_ l_eriplu'ral to tl;e r_Mdual sm,th polar
"- rations that produce a finch textured appearance, ic.t. cap. the pogsihilit.," of qlac-ial erogion ha_ Iwvn entt'r-

taint'ti, ice Is a surlmsm_.ly tacile ;t_t.lJt c_[crosion: how-
mpr. at the temlwratur¢_ now prm'ailin_ in the ,outh

C. Etched Terrain polar re,.'im, tim amount of slip oeeurrin_ at tl,. hase af
an itc slseet, and therefore the amount tff I)_L_alvmsion.

"_ Ncar it:; miter etl_e, removal of the blanketint_ sheet would be nil. The ice would he firmh" frozen to the

is so t-xh'nqve that the terrain can no lon,,t,r, he charac- substrah', umess_ one postl,lah's a lavt-r nf liquid catrbou
• 1

~, u'r,zet_ as pitted. It is hetter termt_.l "'etched" (Fig. XV1-5L dioxide il Ia Sagan tRcf. XVI-7; also see Seetiun XVIII of
" Etchcd tvrr, tins develop where tilt" massive blauketint_ this Report).

material has an cs_.imated thickne% of only 50 to llX) m.

As tilimfin_z t_'c'urs northward, the hcst etclm'l terrain The other a_ent likeh" to product, a morpholok-.," of this
area is in tht. neiThborhood of 70°S tFig. XVI-I). In t.vpe is wind. and the topographic surfact, looks mfJre
addition to the hi_hty irregular phmimetrie arran_elflt'lltx characteristic of wind seourin_ than ice scourin-_. (-spt.-

" of blanket rcmmmts _Fi,_,. XVI-5). tilt" other strikinla cially in terms of hollows, niches, and re-entrants. The
| cl,aracteristic cf etched tenmn is the exhumed _lrock probability of wind scour is supported by the al;undant

tloor, q,m_i-pzmdlel grooves, rt_embl.;ng lar_t" vardant_s (Rcf.
XVI-9), which curve, fan out, or c_m't'r_e in delicate

adjustment to larger topographic forms. Even more

D. Evidencesof WindActioninSouthPolar suggestive of wind action art" short stubhy flutt.-s that

Area mark the surface in some areas. Plots of _roove and tlute
orientation (Ref. XVI-8; also see Section XV of this

'" Puttiut_ pfl.-, and e:ched terrain aside nmmentarily, Report) suggest that tile wind blew outward from tilt,
attentmn is directed to other featurt_ on the south polar south pole in a c_0unterclockwisc spiral.
blankets which :'an reasonably be attributed to the work

of wind. Several e_roups of transverse wave-like ricl_es in summary, tile features and relationships just de-
• arv set.n in narrow-an_le pictares. In the best e,f these scribc_ suggest that winds lmve strongly scoured the

Fi_. XVI-6at. the ridges d_splay shapes and patterns like surface of the presumably fine-grained sedimentary
those of transvers-, dunes on Earth, although the 0.5- to blankets of the south polar region, a c_nc _ ..ion also
l-kin spacing ot ridge crests is large by terrestrial stan- reached by Cutts (Ref. XVI-8; also star Section XVt.

;: dar&. However, the resolution is about 0.5 kin, so smaller
fi'atures possibly present are simply not visible. A signifi-

' ;: cant number of small, irregular clusters of little mounds F. Exhumation
and ridges observed in tilt. south polar area may also be
du,ws, an interpretation favored by their settiqg within The case for exhumation is based principally o_ _,eo-

_' the surrounding terrain. On Earth, dunes are composed metrical patterns and the unusual appearance of knobs.
" of sap-1, not of Dwr materials such as dust or clay, unless ridges, and craters on exhumed be_lrock surfaces compared

the latter are pelletized (Refs. XVI-9 and XVI-10). It with their appearance elsewhere on .Mars. The following
seems a reasonable assomption that dunes on Mars are points are noted: (1) The complex planin.otric pattern

, also compostal of sand-sized particles, invoh, i_g hlanketed spots and intervening lowland areas
°, would be difficult, or impossible, to create by any dt'pos_-

Erosional features of possible eolian origin are currently tional mode. It is easily formed by selective erosion. (2)

./ more evident and more widely displayed than dcposi- The highly irregular, frayed margin of the blanket and

tional forms on the south polar blankets. The topographic the outliers of blanket material forming small bu_ttes aadsurfaec of the layered blanket has clearly been produced mesas suggest erosional removal. (3) Windows v'ithin the
_i: b,, so:'.e erosional process for the surface truncates the remnant blanket, which expose the underlying, rough

" _" deposiuonal layers. Althoug' the topography reflects floor, have the configuration of erosional rather than
° 51- some control by the layering, it has an umtsual overall depositional features. (4)The interior depression of many

_, appearance, lacking the integration and organization of craters on the bedrock floor appears to be largel_ filled,

._. normally dissected landscapes. The generally curving creating wlmt might be called a crater ring. (5) Bedrock
._ slopes, ,ae streamlined hills and ridges, and the curio_tsly knobs and ridges rising above the lcwland have a

shaped hollows and niches suggest _t was formed by a peculiar appearance, possibly resulting from a residual
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•_ Fig. XVI-6. (a) Cluster of transverse dunes in a broad hollow on surface of layered :)lanket "
at 81.9"S, 48.7"W. (MTVS4286-104, DAS10684504) (b) Lineargroovesandflutes attributed
to wind cutting on surface of layered blanket at 86.7"S, 270"W. (MTVS 4248-12, DAS
09267099)
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_ m,tntliu_ ol the'iTflank,.. _(-;,In ,.m:e irtst,mc_.., a p._rt o! nct'e.s,irilx ht, t._mq_o_¢.dof well ,._rtetl. uniformh" fine- .
a crat¢'r ma" ht alto.st _holly obscured by bl,mketin_ _rail_¢'ddebris, which me.ms that armorin_ of the surface
m,,h.rial, hut [ht.,_tl,.r part is ch'arlx cxpc_cd. It i, _..t_i_-r I,x concentrations of t war_t', immobile. (h.flation-
to I_rtJduct' thi,, rt'l,di_m,hiu hv ,.r,_,i-n r_tl .... tl .... I,,- i,d,;l,;'t; .......... :,.1 .... l l .................. ............. - t ......... _, ;_,_A,z(, H,_t tlc_ t'top.t "_'1lit* ])r('st'rlot" of

"; dcl_osilion if thc hl,mkctin_ material has ht'cu laid tlox_n th,m-s in tht. polar area. prcsumal_ly composed of mt_bile
from a _USlWndcd state in tht" .muospla r_-.,7_ The hum- saqd-xi/ed partiel_.-s, is further suplmrtive of the eolian
her .rod maxim,mJ sizt' of lrc,dJ. I_owl-sh,q_t.d craWr_ llyl_thesis, l:_,w thin_s are ,nOTe e|[_'ctix'e than saltating

iudcntin_ the. surtact, o,! the massive I:l:mkct reran;mrs, saod _rains for blastin,_, liner particles into the air _sothey
_.., although _mall. are si,,,nitieantly ureah'r than tm the rouuh can be carried aw,tv ill _tLspensiou.

h_wland tt_>or..-\hhmv_h the Imvlaud surfact, is older in

i"- absohm, t_.rms, as slmwn Iw its lmpulation of lar_cr The modt_t depth, an estimated _) to 4(IOm. o.f polar
de_r,lch'd ,_rater,. it has been exposed to recent cratcrin_ pits i_ a]_., a f,tvorable factor. Although 400 m e_ceeds
tOTa sh_rt¢'r time. While the blanket was accumulatin_ the depth _f hollows on E,.'-th attrihuted to th.ttation

frc.,h c._atcrs, the undt.rlyin,_: floor W_LSstill buried and (Refs. XVI-12 through X\ I-It it is not inconsistent with

protec-t_.d, the estimated strength IRef. XVI-16: aLso see Sectmn X
of this Reportt. durations, and virtually unopposed action

Exhumation is prt_hably not limited to the south polar of winds on Y.lars. Dettation on Earth is ahnost ahvavs
re,Zion, ta'caus¢' other ,tr¢-,_s on .Mars also show the oppost'd hv other processes tending to fill any hollows

peculiar appearance of an exlu,med topo_raph.v {Ref. crcatcd lw wi_d.
XVI-II: also set' Section IX of this Hel_rtL However.
exhumation is seemingly widespread in the south polar Walls of Martian polar depressions are sharp-brinked

region and cou._titutt.'s a significant chapter in its history, and more abnq_t than walls of most terrestrial deflation
,. hollows of large size. Slumps and orthogonal sears on

some Martian pit walls suggest the possibility of wall
F'. Origin of Pits and Etched Terrain recession caused by an undermining process. In this

Closed depressions can be created by localized removal regard, frozen volatiles could be important, especially
if they happen to be concentrated or euriched within" of material upward, dox_award, or laterally. The fact that

the bedrock surface, upon wifich the surficial blankets specific zones or layers. Their evaporation could product'
of the south polar re,ion rest. appears intact in lilt floors an undermi,ing that would keep the walls steep and

cause them to recede.imlicatt.'s that localized dowuward movement as a mass

lm:, not occurred. The configuration aod arrangement of

tht pits further indicate that lateral spreading is an un- Etched terrain is regarded simply as an advanced
' ' likely eause. Tins leaves upward movement as the most stage of pit development that occurs primarily where the

likely possibility, and explosion or dellation as the most mantling bhmket is thin (50 to 100 m). Expanded pits t

probable mechanisms, have coalesced, producing large bedrock areas denuded
': of the overlying mantle.
" Explosions. whether of volcanic or impact origin, create

:• Fredominantly circular depressions surrounded by a rim For these reasons and considerations, the pits and
, _'; of ejected debris, neither of which eharacterizts the south etched terrain of the south polar region are attributed

polar pits. Thus, by elimination, deflation appears to be to a combination of deflation antl ablation.
_,,_ the most rea:onable mechanism, and this possibility is

supported b': the evidence for extensive a,ind erosion

"; just recounted. If the polar region l_lankets contain frozen G. Oiscussion_2

:" volatiles, evaporation could also contribute significantly i " :
_ to pit for,nation, and the genetic process would then The south polar pits and etched terrain have interesting i

't

:" invoh'e a combination of deflation and ablation. Restric- implication as to the history of the polar region and of

. _ tion of the pits to the south polar bhmkets, which may be the planet. Tlwy attest to alternating episodes of eolian
_: wholly of eolian origin (Refs. XVI-4 and XVI-8; also see deposition and erosion. Sometimes the south polar area
_ Sections XV and XVI! of tiffs Report), also favors wind has served as a sump for the accumulation of airborne
_.' work. What the atmosphere brings, tim atmosphere can debris and associated particles of frozen volatiles..M

i' presumably take away. A blanket of eolian origin will other time_, the wind patterns or wind effectiveness
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ch,m:.'e, and tht' at,no,phcre begins to removl, tilt. bl-mkt.t tory. a,d that ditfcrent blankets arc ch,arlv of different
of material it has t',lrlier spread over the south polar re_ion, a_,s. The fact that an.v crater_ are st.t.ll ;.it al! indicates

• ._ome antiquity in view of the rather strong flux of ero-
. ......... ut,n,,,-t ll.-i| l-C.ttls(_. for tim ,dternatiuL, ('l_i,_nth', nf ,,rn_inn and ,,i¢ltLl[ _,d d,.'l._r_itio:::d ...._;,';'v Thc oldcr I _ L.

th'positio,l ,ire ,pceulative. They could be related to ash'o- uants may date back tens to hundreds of n:illions of years.

.- physical variations involvin_ precession of the planetary
axis and other orbital pt'rturbations (Hcf. XVI-17) or An additional indication of at least modest ;mtiquit)."

:_ lmssibly to episodcs of volt,raisin, of which there is ample for the older massive blanket remnants is their internal
,_ inth.p,'ndent cvith'nc_', that periodleallv filh'd the Martian structure of seemio_ly near-vertical fractures. Processes
- at,nosphcre with volatilcs and fine volcanic dust. some localized by these structalres could have hardened adja-

ot wh'ch ended up in tilt" polar sumps because of con- cent materials, which were then etched into positive
sidt.rations prt.viousl.v outlined by Lei-J_tol_ and Murray relief by subsequent erosion (Fig. XVI-:3a). Volcanic

" IRcf. XVI-ISI. Durin_ periods of volcanic quiescence, fluids or gases moving surfaceward along frac'tures could
- the prevailin_ polar winds could have partl.v removed result in such an alteration, a possibilit3' that merits con-

the accumulated materials by deflatioo and ablation, sideration because of the independent evidence of polar-
:- re_ion volcanism provided by features interpreted as

The _urficial appearance of south polar bl_nkets indi- cones, craters, a,ad lava flows. However, the respective
cates that thc present, or the immediate pa_t. has been temporal relationship of local volcanism and blanket
a period primarily of removal. Relationships between accumulation is not known.
individual blankets further su_z_est that erosional re-
moval has not always been completed before further A record of accumulation and erosion is preserved in
accu.nulation occurred. The alternation between depo- the south polar region and presumably in the north polar
sition and erosion has happened more than once, and area as well (Ref. XVI-2; also see Section XVI of this

_" possibly more often than the visible evidence indicates. Report). These episodes must reflect changes that also
The fr('slmcss, paucit3., and small size of craters on the affect non-polar areas of Mars, and such relationships
current surfaces of blanket remnants indicate that those are described by Soderblom et al. in Ref. XVI-11 (also
particular surfaces are not old in terms of .Martian his- see Section IX of this Report).

? ,
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: XVll. Nature and Origin of LayeredDeposits
of the Martian Polar Regions

James A. Cutts
Jet Propulsion Laboratory/Cahfornia Institute of Technology, Pasadena, California 91103

One of tilt, most remarkable contributions of the TableXVII-1. Natureandorigin of laminatedterrain
Mariner 9 television reconnaissance of .Mars has been the

• discovery of t'omp]ex sequences of layered deposits in Pl Fine particles of rock powder ( 1 to 50/am) are formed

the .Martian polar reffiolls. These deposits, termed "lami- ,y mechanical means, principally impact interaction
from the sand-sized debris produced I).v mass mo_'e-

hated terrain" by Murray et al. (Ref. XVII-1), were un- ments _ttc'has scarprecessionin the depressed terrains
anticipated before Mariner 9. Although the integration of and lowlandssurrounding Nix Ol)lnpica

. photographic nlateria]s into maps of this part of Mars TI They are carried away in suspension by winds which
and tile reduction of important data on topography are, formed them

, as yet, incomplete, several basic characteristics that DI They are deposited, preferentially, in the polar regions

" pertain directly to their nature and origin already have wl-ere the conditionsofpolarwinter favordeposition I

been recognized (Table XVII-I). Tile purpose of this T2 A change in the polar environment, perhaps a reduction

article is to present pictorial evidence for these basic in the extent of the perennial frost cap, results .n de-

: . characteristit_, to draw inferences about tile nature of stabilization of the depositsand finematerial is eroded
tile deposits and the depositional process, and to express and transported away from the pole
a particular set of ideas on the depositional and erosional 132 , Minordune deposits form on and immediately periph-

';_i history of .Mars. Tile origin of the layered deposits is also eral to laminated terrain
il discussed by Murray et al. (Ref. XVII-2) and Sagan D3 A major depositional belt formsbetween the 50_ m:d

I ( Ref. XVII-3; also see Section XVIII of this Report), who 7o: parallels
draw significautly different conclusions from the Mariner 9

observations than those presented here. about 1.1 × 10_' kin" of the planetary surface; in the
southern hemisphere they are somewhat more extensive

-, A. Basic Characteristicsof LayeredDeposits and cover 1.5 X 10'__:n_'.Although they are not distributed
,: symmetrically about the areographic poles (90° north and

Layered deposits have been observed by the Mariner 9 south), the layered deposits occupy most of the area pole-
television cameras in both north and south polar regions ward of the 80° parallels, appear to be confined to the
(Refs. XVII-I and XVll-4; also see Section XIV of this area poleward of 70°, and underlie the remnant perennial

Report). In the northern hemisphere, the deposits cover frost caps (Fig. XVII.1).
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(o) 18o* the photot0"aphie coverage is more c\tensix'c and oi
" hi_hcr resolution. FlExure XVII-2 shows ore' of the mostJ

• • _ strikint; examples of layerint_ in the materials u,derlyin_

--.: •._ ,: .' _.,,_-_,'i " " the polar rc,.'.Zio,_sin ",'hich the r, lati,m.,hip t,, tol,t,t_ral,hy". -'- '"" "0. "•-"-" • is most explicit. Along the slope scparatin_ the flutt.d

_t' "• t<_ '. ,_ .._ " " . surface of the upland lupper h'ft_ from the motth,d plains
• Z. "x < ._.._"_._t._.. : " • " (lower right} can lw seen paralh'l litdlt and dark bandin-

? . . z" "" :......¢'--'__;_1]':" "_. - _ ,.. which couverges near the top of the frame into an tmdif-
5": " .[7". .;'v. fi,rentiated shaded slope. Where one of these ba,lds

_.:.,:_'__ _.._.lzt_--[.'' -; '""_--. x.-_ _._i ""'x._" " 27w chan_es direction near the bottom of the frame larrow_

- " '- • - . ,' . ..,, . it chan<_es tone f:'om dark to light The relationshil 1 to
•-- "_ "_,,_- -z -
, ,. . ... , .. tile solar azimuth indie_:tes that this particular band,. .-.-%;..."F I:- :/' --

- X- I . - ;" l _l]_. .,_ i_ -" t "._" represents a sharp ellan_e o[ slope and Stlg_ests that tile
" 'J" ';:t 'l_lff. "_':. "'i'" " entire banded zone is a terraced slope. La)•rin_ in the

" " ; "" __<.._,."'*:-_'," ' • : underlying materials is i,fferred from the contimfitv and. '. ' 7",':J":li;;'';" " " "" !,:¢" , J a ". eonfornl.il character of the terracing. Precise quantitative
• " _" -,-_1,.: .Z • nwasurements of the altitude difference across the ter-
': • ,l_ "-"" .r',, "", '_ • raced slope, whiell could lw used to determine the thick-

-'' ness of individual layers, are not available. However, if
0" the terraces slope at between 10° and 20°. then the

layers are probably between 10 and 50 m thick.

(_1 0* Banding is not eonfi,led to the relatively simple topog-

i'Ll- "_,.-_. • laphy sho,,aain Fig. XVII-2, but occurs in mauy different!"

" .it_'*._._"'-'_ _'_ topog,aphic settings. Ei._ht differeut examples are seen• ;'",, --.,,_ .... . . , I-, in Figs. XVlI-3 al_d XVII-4. which also display varying
,'l_,,/'-,-,_q._i'.,:4.%_""_" I.¢_"_. ;,_ degrees of visibility of the layering. Tile bands appear

,_. . • ..... _,,_lr_'._l ] _ to follow contours and are tentativeh' interpreted as the

, ,_, "C'[';_ r" ". edges of near-horizontal strata outcropping on smooth

• .., ,,[_._. _,._ slopes of varying inclinations. It seems clear that the. _._, . _.',,, - -, . strata are exposed because of erosion. Where erosion has

90- ,_,, .,,_ ._---" ,-. :.' 27o* produced steep slopes (uF.per part of Fig. XVII-2), the

• ,._ - bands are narrow; where the slopes are shallow (lower
.'" _" part of Figs. XVII-2, XVII-3a, XVII-4a, and XVlI-4d),

: ___ ,,,:; tile bands appear broader. Ill some cases, tile I)ands may ¢
._ • not correspond to changes of slope, but merely to material

; _<'"__'_.:_i_'_` .i, ,. . :'_.,'t ' >_._ .:_"_" differences that appear as brightness contrasts (Figs.
"_ _._.,___'_ -'j XVlI-3a and XVII-3e). The variety in the visibility of tile.x"a_ • " :%:,:3"_.-4

v->. layer,.'ng may indicate differences in the surface processes

,_ ""_" ._.,_Y"','._l,::,_ll_.-.'""_r " that have operated Oil the layered strata.
'- 180"

Fig. XVII.1. Distributionof layered deposits in the polarregionsof In all of these pictures there is a consistent impression

il Mars.Reproducedfrommapspublished .' (a)Murrayel al. (Hcf, of tl.e continuity of tile stratification and an absence ofXVIl-1) and(b) Soderblomet al. (Ref. XVII-4;also_ee Section splitting and ]oilling, or pinching and thickening of the

_,!! XlVofthis report).Theperennln:polar,'_psunderliethe layered layers. There are a few examples (Fig. XVII-2, center .,
depositsin bothhemispheres, right; Fig. XVll-4d, lower right) where the layering.: _,, seems irregular, but even these may be a consequence of '

exposure at a surfac_ of anomalous local topographic

_-i Although layering is clearly evident in the deposits relief• These features nmy also represent deviations from
,, of both polar regions: a more detailed description of the near.horizontal orientation of the layering, an implicit
!' stratigraphie characteristics and the surface morphology assumptio'l in the interpretations of the previous para-

in general is lXlssiblc in the south polar region because graph. There are also some strange bumps within certain
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Fig. XVII-2. The unique characteristic of the laminated terrains is the layered nature of the
deposit._ that underlie them. These layers are most apparent when exposed at the escarp-

• ments which extend for hundreds of kilometers across the polar region. At one of these
escarpments-, the conformal bands are interpreted as a terraced escarpment separating the
fluted upland (top) from the complex sinuous features of the lowland (right)• One of the
broader bands changes tone from light to dark at A ,vhere it is parallel to the solar azimuthal
direcbon, indicating that it is terraced and suggesting that the entire escarpment is terraced.
Each visible terrace is interpreted as a single layer or in some cases multiple layers. As the

. slope gets steeper along the escarpment, a number of nar:ow terreces, which seem to be
, _. associated with thin layers (B), merge into a broader dark band similar in appearance to the

much broader and deeper terrace which w_¢ first de;cribe¢l (A). The terrace may therefore
co_._.istof a number of sublayers which erosion has not effectively separated. The very finest
dark bands seen at B are thought to correspond to layers about 30 m thick. Scale and

., solar viewing and north azimuthal directions are identified in the figure. The viewing angle is
27% and the solar zenith angle 70 °. (MTVS 4213 21, DAS 08080243)

J

hv:,e,'s (Fig. XVII-2). However, for the most part, indi- on closer scrutiny of the pictures, there are definite

.'. vidual layers seem uniformly thick and confo,'m with one. variations in tim width of outcrops that emerge.
:, another in the sh'iking fashion which first prompted tim

J' descriptive term "laminated terrain." There may be much ]ess variation in layer thickness>;

3; than in outcrop or terrace width. Variations in the slope

_ It is much more di_cult to ewduate variations in thick- at which layers are exposed _eem to account for nmch
,, ness between layers. An initial impression is that the of the variation in outcrop width in Fig. XVII-2. Terraces
"_ widths of the outcrops where layers are exposed are also appear to be less well developed on some layers than
_' rather similar. Two factors may tend to reinforce this others, giving the impression of composite thicker layers.
_, view. First, ther(' are no examples of extremely broad Furthermore, it is only the shallow slopes where the
; outcrops embedded between thinner ones. Second, we layer outcrops are wide that the finer la._ers c_:n be
;- have no knowledge of finer layering beyond the resolu- resolved. Accounting for these elfeets in Fig. XVII-2, the

tion limit of tim Mariner 9 television cameras. However, broader (lark bands are interpreted to be composite
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Fig.XVll-3. (a) The oval tablelandof layereddepositspartiallycoversthe pitted terrain which
emergesnear the bottomof the frame. (MTVS 4247-7, DAS09231189) (b) Cratered terrains
also comeinto contact with the layereddeposits;a crater is apparently beingexhumed from
beneath the deposits. (MTVS 4226-3, DAS08151853) (c) The characteristicsof the layered ,'

' deposRsare not the same everywhere.The more massivelayering and the indentationseen
in the escarpmentcouldreflect a meteorite impact or some other form of post-depositional
modification. (MWS 4264.8, DAS09806799) (d) The frost of the perennialsouth cap which
liesen top of the layereddepositsis not thick,at leastin this area, relative to the e_carpment
height. (MWS 4216-7, DAS09734629)
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Fig. XVII-4. Areographic variations in the characteristicsof the surface of the !ayered de-
posits. The 7egularpatterns of pits seen ;n (a) are typical of the region of a lobe of terrain
near 75°S. These features hay._ been interpreted as wind erosioqGlforms with _.errestrial

," analogies(Paper I; also see Section XV of this report). The gross patterns of light and dark
, in this frame are real and may be related to the layering in the subsurface. The surface in

..., this area is eroded to a plain that is almost parallel to the plain of the layers. (MTVS4222.5,
DAS08367809) (b) Layereddepositsmantle a cratered terrain surface, and most of the rim
of _ crater is still visible(see upper left). Layeringis visiblein the wall of the largeflat-floored
basin (bottom center). Dark markings in the floor of this basinand elsewhereare simila_ to

L* featuresobserved in the floors of craters in many parts of ,q,lars.They have been attributed
• to saltation transport and sorting of m¢'_ri',ls (Ref. XVll.6; see Section Xl of this leport). }i

-. (MTV_ 4167o95, DAS 06604713) (c) Dark, iarkings inThyles Mons (Inwer left) are associated ,_;
_ with fine.scalepatterns quite different from those in Fig. XVil-4a. The uark markings and the
_i muted characterof the layering in this part of the layered depositssuggestshorizontal re-
i' distribution of materials inthis area a_so,and the fine patterns "naybe dunes.(MTV5 4233-11, .I
._* DAS08728169) (d) Althoughexposures of the layered deposits are _ery much in evidence,
! the most remarkable feature of this picture is the abundance of sinai] bright spots In the '

segment that is partly fro_t covered.These spots may correspondto accumulatlo_;sof ice
,,": in pitsand other topographically shadedlocations. If this is so, the surroundingterrain may ,r
'1' be much t'ougherthan it appears to be. (MWS 4261-20, DAS 0_734909)
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layers, and the total ntu,ber c)f lavt'rs is estimated to i,ar layerin_ aud ,;eem more n.adiiv explained I)v surtacv
exceed the mmd_er ot dark bands that can be counted, reworking, redistril,,tion, and sorting of materials.
The liner-scale outcrops which a,'e resolved IB) seem to

have :imilar widths, implyin_ that the corre>ponding Layered deposits also show distinctive topography at
layers have similar thick,lesst.s, much lar_er scales. Charactc,'istic (_f the deposits are

continuous escarpmt,nt.s that display a variety of plani-

_,. Althou,_h I)antlin_ is perhal)S the most distinctive lea- metric forms. The slope visible in Fi_. XVII-2 is pai't of
t"j turf of the terrain s,rface t,nderlain by the layered ont. e_carpment that extends in a lobe almost to 70°S.
: deposits, this surface all>plays other sitmiflcant character- It is shown in more detail in Fi_ore 4 of Paper I (see
:" istics; the most surprisin_ is tlw absence of reeognizabh' tzi_ XV-4 of this l:lept_rt). Y,lore tvpieal is the occurrence
..x , • .

impaet craters. Thi," does not provide any direc_ infor- ot t'n t'chelon for,ns. Near the poh's, tht'v are subcircul.u"
mation re_ardi_l_ the time the unde:'lying lavc;s were facing away from the poh,s, and p,'ovide the site of the

.. formed, contrary to the earlier report of .Murray ct al. perennial polar cap (FiK. XVll-5b). In another location.
(!b.,f. XVII-1). Impact craters eoukt have formed after Thvh's Mons (Fi_. XVll-Sa). they are sinuous: the exact

, the lavt,rs were deposit,'d. 1;ut 1,,,h),'e the erosion that nature of the topogral)hy is ¢_l):'ctn'edby the dark albedo
exposed the layer:;, markings with whieh they are associated, The layered

deposits also are eha,acterized by large-so;de curving,

Despite the absence ol i,q)act craters the layered cha,nels and major escarp,nents re-entrants, which are
terrain surface is not smooth, but displays a eonsiderabh' described in ,nore detail in Paper I.
amount ot mpo-,raphic relief _t the smalh,st scales v_sible

to the Mariner 9 cameras..\luch of the ,_rooving and The boundary relationships of the layered deposits
flutin'z is most readily attributed to erosion (Ref. XVII-5, (Fig. XVII-:3) have considerable bearin_ on their a_e and

.... hereafter ealh,d Paper I; also see Section XV of this ph.vsical properties. The layered deposits have clearly
• Report). However. some of the featu,'es and textures are buried pitted terrain (Fig. XVlI-:3a) and eratered terrain

more suggestive of dunes (Ref. XVII-6; also set' Sec- (Fig. XVII-gb), and the visible superposition relation-
tion XI of this Report). Although some albedo differences ships suggest an erosional unconformity (Ref. XVII-1).
(Fi_ss. XVII-3a, XVII-3e, and XVII-4a) suggest differential It is also apparent that the boundary between the layered

" _ erosion of the layers, others (the dark markings in Figs. deposits and the underlying te,':'ain:; does not rep,'esent
XVll-4b and XVI1-4c) show no close relationship to the the maximum areal e:.i_.:at of deposition, but merely a

t " - -;_. " "

i'i
:, ' _.,-,L; "... . . . .

;_ Fig.XVlI-5. Escarpmentsonthe surfaceof layeredterrainwhichare I_rge-scolefeaturestypicalof laminatedterrain.Theescarpments
shownathighresolutionin Fig.XVli.2acanhavequitevariedplanlmetricform.(a) Thoseseeninthe regionof ThylesMons(77"S,
155°W)andknowninformallyasthe "riffles" exhibita sim_ousformwithextensivealbedovariations.(MTVS4179-_,DAS06964758)
(b) Beneaththe.residualsouthpolarcap,circularformsaremorein evidence.(MTVS4173.8,DAS06784788)

I

264 JPLTECHNICALRSPORT32-1._30,VOL. IV

/ I

.

1973023947-276



,,t,tq_' ¢)! ero,,hmal strippi,Jg. Thc pr.ct'sscs of burial and cvkh,ncc prc_entcd suggests that m_teliai is bein_ eroded
tlw subsrqucnt r_'l'aoval of matc,-ials have ccrtainlv modi- by prcvailin_ winds blowing away ho,n tile poles. Al-
fit'd ilw ori_lll<d la.dscape. ,n.d rc,ma.ts ot the inantlin_ thou_ll the layers al*t, lict thou_ilt to be tliinc sand, thi_
t)l,inkct lll;'x' .till rt'ltl:lill. |]O_Vt'VCI'. t xiitiliit,d topographic is not to say that saltation has ilOt 1)t't'll op('rative in the
tt'.ltlll'Uk Mioh as crMc!s M'Clll tll l_l'(,5(,i-ve :YIIICII elf theh" ld'<ered tei'raill. Oil t]'.(, coilti-ai-v it is probal)ly I'eSl)Oll-

ori_inal .MrliC{tlrc.This sct_ ,,i)llil. lhnitations oil the char- ._ibh' for llltleh of the l:'lst-dcposltional inodifieatiori of
lit'tel lit the dcposits, til,' (|('po';itlollal proccss, aild the thcsc stlrlaces.

"I Ili('Chitlli',lii Of cx[luliiation tiPtilt' terrilhl. A Inure coin-
/ pitt<' d_'_('riptivr tl'cdtnwllt of the ]ilycrcd de'posits all(l The i'Kist?ellCCof repctitive ]avci-_;iff sillli],ll" thickness
- then" l'(']dtl()llshi,_ _0otiicr telrahls is iii plep_ll*;.ltion, bears nlost diiectlv o"1 tilt' depositionai historv. I< si_-
"" nifics either a ]OD_-l_'l'ill Ulilforln rate (if sup[Jly of inate-

rials, with the dcposition nlodulatcd by evellt_; equally
B. Processes Involved in the Fornlation sj);tccd in tinw, or ep;sodic depositional ew,nts of approx-

of the Layered Deposits hnately equal x ohlinc, altho_lt(h not ncct'SSal'il)' occurring
at equal hltervais. 1,1additiou, v,u'iations ill response to

L, _Olll(' ftlll(l?ll/elltill illft'rt'lICe$ abotlt tlic llattlre of thc erosion illtlst }lavt, l)c,.,i inh'othlcl'd between thc top and
layered deposits t';til bc di'axtn frolll the characteristics bottonl (if each layer, as crosloli h;.Is been uneven and
,l]l'e_ld', discuss(d, Their ,lpparcnt tniiqucness to the polar has produced terraced slopes.
I'e_lOll _, is IIIt "prctt'd tO ille?.n that the Mardan atlno- E
H)hcrc was inxo]vcd ill tilt'h" forlllatioli. There scem to It requires little imagination to realize that the layered

bc three possil)ilitics that could occur singly or in some deposits of Mars must record the history of the .Martian
conll)ination. "Flit, layered dcposits coukl consist almost <urface t,ilvironlnent in luueh the same wa)- as the palos
entircl of condens('(1volatiles v,hic'h ilia) be mantled b7 ,'G'Tarth's history are de,fined by terrestria| sedilnent.ql'y

... oniv ,t thhl vt'neel (if silicate del)ris. Alternatively, the --rocks. One of the most interesting questions is the time
lav<'rcd deposits could be preciolninantly nonvolatile ma-

sl)au _eprescnted by the Martian deposits. Funda,nental
terials which wcrc at one time precipitated from the tc this question are their compositioo and the source
atmosl_here i,l association with condensing volatilcs. frc.:n which they were derived. Of tin'thor interest are
Finalh'. volatilcs could be neither a component of the- the mechanism of fornlation and the reason for their
deposits nor at: a_4cnt in their folunatiou, in which cast' stabi'ity in the polar environ,ncnt. All of these questions
the fornlation of the deposits unlst be attributed to some are nccessarily interrelated and, in scekin_ answers to '"
unique incteorolo_ic charaot-,'istic of the polar regions

• one quvstion, it is possible to gain further insight into
favoring eolian accumt,?: . ,., : _ • a .ck of nlodifieation of the others. The first to be explored in detail here is the
tht' landscape uuderlyi .c. ,1., " .J ,l deposits also rends available sotu'ce Of materials, which strongly constrains

, to support thc idea of ,t d, l)(,sl£ of loosely consolidated the age and eompositinn of the layered deposits.
or volatile materials removed easily without destroying " , ':,
the original sm'face.

; C. Sourceof Materials
_, ]'lit' nature of the hlyeriug places other constraints on
'. the nlt)d(, Of fOl'lnl,._ionof the deposits. The uniformity The ]a".;,.: deposits cover 2.6 X 10'_km* hi both hemi-

in thickness, eonfornumce to regional :dope, and the sp,wres, i?stimat:'s of the numL., of layers and the thicG

,} abxcn,,' of conlplex splitting and joinin r of the layers ness of each layer, together with preliminary maps of the
, argues that deposition occurred corltel_lporancously over relief in tl.is part of Mars (Ref. XVII-7), suggest all

• _, ' a l_,_.ad area, and hence directly from atmospheric sus- average del.th of about 2 kin. The lack ot precision in _:
pensio;i, in nmeh the manner that snow, frost, or loess this estimatt should be obvions. Thus, the approximate

':, (deposits of windblown dust) is formed on Earth. An total vohnno of layered deposits on Mars is found to be
t,lternative possibility, that layers have aeeunmlated by 5 X ;0 '= kin:'. Expressed another way, this is the volume

;'_ lateral acerction, is regarded as much less probable. Ter- of materials tl:'_t would cover the entire planet uniformly
restrial sandstone formations whieh are !aterally persis- to a depth of ,%5m.
tent and fairly uniform in thickness have formed front
aecreting dune sand. If the polar layered deposits formed A'though the volume of deposits seems vast, we can

_ in fi,is manner, this requires sources of material outside place it in persl,-,.tive by some terrestrial comparisons. "'
the polar regions and winds spreading saltating debris It is only a small percentage of the total volume of sedi-

_ inward toward the pole. Yet in Paper I, the observational mentary reeks on _'he'surface of Earth; it is only one-fifth
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,,t th,- :,,bit:,, :,t tl,c X.tar_t]c _L'_"tap. :n,d it i', ,_nlv . raihs ,_| _Mar,. in th," c.u,,.+ml.u_d,_and otl,t.r th,prc,,scd
htth- iar'_,tr th :, _i_,- t;r,-, nt.md its' cap .lt_ L X\'II-SL t4.rr.tin_ of the. "Ihar,i, rid,_t', tlw t xidcnc_- for a sonrct' of
' _,_,, ,t.t,:,,.t, 1_ _,E pur,ui:t-_" lhv cot+q_xtl_m .,rid ij_st<_- _-,)h.uJ matcri,d, is not only per,.t,a,ivt-, but t'_timatc,, ('.m

,,t th, !.ix, nd dcp,_,zt, _hich miubt ,how x_h_.th<.rtht'v I:e m.tch. <ff the v.hH,Ics o! matt'rial .tv.lil;,l_h-. Althol:-h

u, , !_,_r t,, .m ic," tap ,_r t,_ ,. dim,'tlt._rx ruck_-,in tht'ir ._umt. -t thc,," h.atures tan lw i,tt rprctvd a.; si:uctur,,l
t i!,ll" |*.._llrt'._.t_.-+i- tit _-\,l]l]||lt" i'_,_ibh" ,,mrc'_-s of n:att.- t_.tturc,. _r.t!.en. ;n,d fault hlock> cre,dctl b'c the strc,-
r_.+l,, p;!ttt'rn_ a.'.>cJciatt'd with tht. Nix ()],.mpica v_lc_mism.

+' vm,+,:]ml pr+'_:'_, havc ht't.n actixe. La;_d_lides arc

K.trl_ ,.x!¢.,r.ttt _:,. +,I \l.t_, bx .Xiarm+'rs (_ and , su_- vi,ibh, in re,my an'as, and tht" Copratcx canym_ _Fi,.,.
"" _, ,t, tt *l_,d \!.,_ '._.t, .dm:_.t culin.lv crat,.r-c-_wercd and X\'ll-(5 has ch.arl.v ,.q_andcd lw sc_trp r<'ct_sit,n.

tl, d th, di.m,.t h.,t u,., r ,mt_._,,,'d. "ih,. dine'oven" of
cxt,_,.ix,. _,,tc.u,,t rc_,+m, !,_ .Xf,rim'r .9 ,u,_,_csts ill,t!

To _.,p!.:in tl:.'sc l:e;:tt,re<..mr' ntat only needs a mecha-_,,l.tt;!, _, ,u_h .t, x_.it_-r ,mtl carh_m di+_xide ha"c }u'cn
nism for remov.d of the matt'ri,:} that has coilaps:.d _rom

r, t, .... .,! il]tO th,' -urt._.c_ • ,.nx ir_mncnt, but procide little tilt' wail. ,,t<_ the cam'on ttoor, but also a sit_' where the
'_hd:C._ti,moi u hat ,in.,ntit;_. x_,.r,, pr_hwcd. Whatevt'r

removed materials have accumulated. Disposing of ma-
c _t,r u. a, t)rutha,-_l )nu_t h,_x("I), _'t+I)arlitiml,'_l !)ctwt't'n

t(.n.t/s from the c.mvonlands is probh.,)atical. (-.Sl)ccially
.to. un+;__l,:h,u:.,t th, l).,l,-, .t:,d :tll,,_rl_.ti,u, _):lth," Martian m the ease o1:e_.tirelv clo:."d basi_s tFi_. :_¢II-6bL The

sub-._ri.,-,. 'llcl. XVII-q _r cotnl>h'tt_y 1._st fm;+, the prt._em'ation of the _urfac'e of mesas with;n tt, e lms,.'ns
I,laH,t. I+-,,.,1w ,_! hx,lr.'_'<.n, m' ,um.d:l_ r,._ultH_ frr,m

- t!,, i_h,_t,_dis,ociatim_ o| x_at"r, l_:_sht'eu ol'_ervcd I,qef. _lCi_. XVil-6a) ,:r,.'ut.'s a_ainxt subduction of materials.

_ XVIi-I_. aml a pl.uNbh" ,.\pl.ulat_on ,ff ,m ¢,q,aiv,,Aent Transport across tilt"surface hv w,ttcr or _rax'itx slippa'Ze
rat,. t)f 1._,, ,)t th(' _yu,-u pr¢;.htc(.d ha,, I)('('n proposed is impossible in many casc_ I)eeaus¢' of the tmfavorabh.
I.lct. XViI-ll,. slopcs. A plausibh, mt'cl)anism is wind and. if so. the

-, materials derived from dw caiwo_s must no,:" reside
e_sewhere on the surface of .Mars.

A m()r¢, pr.)li|,d_h, lin(. o| inquiry is to sear.'h for
_urt-vs _)t n: dcri,tls +)ther ti).:n waWr and c_rhon dioxide.

.-_.lII.m,.z,htilt. la:cn.d dt,lmsit,, may cont;,in tht.'se vola. The volume of tht' canvonlau:ls tFi_-. XVll--_ is ,'alc_,-
ti,,.,, they at,: ch.,rl_ n.t t_tall._ :omp,'_sed of th,.n,. The latcd to be 3 .""10" kmL However..'1 significant fractioo
.dlwd,,, of the iav,'rt,d dt'p_,..,its mscd out',ide the rein- ,_i this must ;,ave been induccd tcctonic_dly, and the
na,:t pola, ,-aps .:rt..,_+, l,,xx [,_r thi,; to be the case. Tern- ti_ure ovcrestimates the ¢luantity <>f eolian materials
n,.r durcs iL this rc_io,. :'+n seem to preclude the stability fum;shcd. Another possibly mq)ortant source is the
_ff ,'arlmn ,hw-ich, even if it were dceply Imried and p,.'riphe.'3' of the _reat shield velcano Nix Ol.vmpica.
makt. tht pt.rcmfial cap a far n,ore favorable loc,'ation for Surroundin_ this feature is a vast circular scarp (Fig.
pt.,t_,.;nt'nt tlelmsits of water. Other species of frozen XVll-8a: see Rcf XVII-I:3). Features i_dicative of scarp
vo]atih's svt'm lmlikt'_ _mnponents. as 31ariner9 spectral recession such as landslide tongues (an be rt,eo_nizcd

" ohs_ rv,:tions show no c_ idt'nc_ for tht'ir occurrcnce. Thus, at points around the periphery' (Fi_. XVII-Sd). The sur-
we suspect that nonvolatile m.,terial.¢, and probably sili- rounding plains, where they art, not smooth, exhibit an
cares may hr. ;a si_ni|ieant part of the layered deposits, intensely grooved al_pearance, which .\lcCauley (Ref.
if wv wert. to demonstrate that water and earl>on dioxide XVI!-12; see Secliol_ X of this Report) attributes to eolian
ict_ wt.n, ahsent or ,mh" representcd a small part of their erosion. In one location (Fig. XVII-8e) many ridRes that

+. _ total value, silicatcs would almost cert_inly be the domi- attain al:_ut one-third of the height of the bounding

.:. | nant COml:Om.nt. escarpment (Fig. XVll-8d _, have bt'e_+ recognized. The
If ridges are elongated in the same di:eetian as the grooves

It

- _I!.: From what part of \l.trs could any silicate materials that mark the surronndi: ", plain. Most of them art'

, _ in tl'e layered deposits _.)ederived? It is possihle that sharply crested, ,Jut flat-tol.ped, mesa-like features are :

i_,_. materials have been dericed from extensiv., area_, of the visible near the right-hand margin of this picture. The
, planet..\lcC,,uh'y (Ret. XVII-12: also see Section X of association of these streamlined ridges with the grooved

this Beport) and Cutts (Papt-r I; also see Section XV) plains suggests that thcy are erosional renmants, and the

=_ _' find evidence of erosional stripping of the sarfaee in flat-topped ridge may preserve the surface of <he un-
/, , <" eouaeorial, mid-. and polm latitudes. Cutts and Smith eroded volcanic shields. _f this is so, it gives an indication

_" (Ref. XVH.6: .-.;o see Section Nl'h however, recognize that the original Nix Oiymoica shield sloped gradually
_ areas of eolian dcposition on the extensive eratered ter- beyond the present periphcrai s,_.ur,. With the assump- ', .

_-, t i
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Fig. XVII-6, Features of troughed terrain (canyonlands) suggestiveof wind deflation. The
part of the maior trough seen in (a) is 400 km longby almost 100 km wide. A portion of the
crater wall viewed at higher resolution(c) reveals castellated cliffs with irregular debris at
_s foot. In other areas of the troughed floor (d), the sunace is different and exhibits long

_, sinuous features which roughly parallel the foot of the canyon wall. These may indicate
: layering in the wall,:or they could be eolian erosional or depositionalfeatures. They diffe_ ,

from the slump _urfaeein (d) and suggestthat deflation of the canyons has played a part
in their formation,The closeddepress}onin (b) tendsto support this idea (a) MTVS4144-87,
DAS 05851968. (b) MTVS 4193-54, DAS 07399108, (c) MTVS 4275-22, DAS 10204679.
(d) MWS 4295-36, .qAS 12865578.
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tion of atconstant slope md radial sy,),,nvtry, one eaku- induced by tt'ctonic deformation, llowever. ,nest ot it
lares that aboul 2.6 _. I0' kin- of material has l)ee,) eroded must correspond to )naterial which now residt.-s dsewhere
from this fcatm'e, on tim surface of .Mars. Ash (h.posits from the volean;e

regim)s and impact del)ris from the eratered terrai,r; are

Sharp (Re[. XVI1-13: also st'{' Section V! of this Report} ¢tdditional sources of fine debris in the Marlian environ-
has descr/l)ed another Imvland surface, fretted terrain, ment. but th(. quantity of material supl)lied from Umse
which is adjatent to the Tharsis ridge, covers 4.75 Y 10'; sources is diltieult to estimate. However. there seem to
kin-"and [s margined b.v a l-kin escarpment. Crmmd-iee 1)e ample sources of silicate debris from the depressed
sapping is believed 1ohave reduee_l the surface in this terrains alone to account for the volmne of materials
part of Mars to debris, I)ut the export of perlmps 4.'/5 X in the layered deposits (5 X 10'; km_). Eolian :teflon seems
I0" kin: from the basins is attributed to fluvial or eolian a likely n)echanism of transport to the poh's.

7. act/el). M/lion (Ref. XVII-14: also see Sect/on IlI of this
, ' Report) vonte)'ds that only fluvial action could account There are three modes of eoli ,n transport that may be

: for scarp recession :rod redistribution of materials it;this operative on .Mars: atmosph,'ie suspension, saltation,
part of ,Mars. and traction. It has been stated above that deposition

from atmospheric susptnsion can best explain; lhe oh-
Thus, the merpholo,cies of the troughed terrains, _c_,':.d characteristics of the layered deposits. In order

:¢rooved terrains sm'rounding N,x Olympiea, anti fretted to have remained suspended for any adequate period of
terrains imply the removal of 10 × I0 _ km' of material, tim,,, any silicate materials in the deposits must have bc_.n
Part of this represents a downward motion of material in zl_e form of fine dust less than a few tens oi mi _-o-
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Fig. XVll.8. Features peripheral to the Nix Olymplca shield suggesting mas>ive removal of materials by wind erosion. 1he Nix
Oly;np,ca volcanic shield (a) is about 500 ._m in diameter and bounded by a circular esczrpment. Contigt:ous with the esca;pment ,

, sean agcin in (b) (upper right)..- a smooth plain and an area known as grooved terrain. The escarpment exhibits lands_'. _'_guef ',

i_.dicating scarp recession (c). High-resolution views of grooved Lerrain (e) reveal a striated plains surface and streP;"lir,_-d mesas
which may be remnants of the origir:al shield surface. Brightening around the base of the shield (d) su_6st,, that clouds are _
forming which result from loss of water from tee receding scarp. (a) IPL Roll (_77, _#_)743. (b) IPL Roll 497, 19181:). (c) MTVS d288-900
DAS 11657070. (d) MTVS 4174-86, DA$ 06823743. (e) MTVS 4174-74, DAS f,_S823393. --
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i_ol,ir 'vintcr lllaiiv t.trmr_ .ire t,ivorabh- h_r tht' pr_'r-ip/- a_.,u,:,lltion and take tht"t_lt.ii rah" (it prec/plt,iti_lli to bt'
t,it_mi ,,f du.t. and. it it i_ .upplit'd to tl." !mlar r,._iong

iH ,,uiEti_.nt _,mc, vttr.lti_lll,, x_,, _l,n,,l,t ,,xF,,<..,_,,:::<,i<],r 31 "2 " ll..t.12 IL:t]_/cnl-"
,lille d(-p,siliou. Thc lir,t lll(.ch,ilii_ln Of precipit,it;,,u !s

_r,lvit) dt.p+_,iiioli. Olil" which l,lkcs pl,icc all i>,,<.rthe' At lilt' ',iililllll'r poll' "vl,.rc, lilt' t'dp i, I'V;illOl',ilili:.

pl,nirt, l_,ii'ticil'_ tail liilt ot till" ;liiiio_phcrl. d.f ,t r,iic .lrll.st t'Val_or.itc_,it :i r,itl. Oll tilt. llrdt>r ¢lf 0.5 _/Clil-' per
itlttll¢,lltl.d Ill liirir _i/.l" ;llld dl,li>itv illld hi tl'. xi_cl_sitx :24-hr Ill.rind. crt',ltin_ ,1 Ill't llpw,irtl tt,'w, .f :: t'tll/_;Ct'.

"4 ,ind l,ir]lil]t'n( t' lit lhc ,illlill_l)hl'rt'. ['ndl'r ,iontllrllilh 'it .'_'llt llllk" al'l' lie p,irtich's t-Iltr,iilR'd with cclrl)nn dioxith'
'" t'Oil(tilion_, the' _lilkt's-(_'lllllli;l(il,llll I'(tll;>.tiOll dl,_crillcc th,l_o_itcd. Illlt p,trliclc_ _xitli diclliR'tcrs Mlldlh'r t]l;.lll

_ tilt" ]illiitili,t vchlcitv lilt tall el p,u'ticlt _. tiler. X\'ll-'_ltl. 3/llil C,illlitll fall to flit. blll'filt'l" lit lt'agt for ,I .,ll,t' part
Ot tilt' do) tit,t-;illS(, of tilt" UlIW;trd fhl'_ Ill _ilS..-t ki_llifi-

At ilia- winh'r p_,lt., tlw _iirt-,i¢'l, will lw cxtreiilciv enid. c,ilit vohinll, ot tli_" atino_piierl" in tht' viciliitv of the c,ip

. ,iiid Ihl.rlii,i] convective, hirhl;tl,iict, will lit. suppress;i'd, is tilh,d with frc_hiv t,vaporaicd c_ti']ioii dioxide. _llic]l
Piovidcd lh:tl tht. _urt,lcc ,'. uid_ ;ire low. boundary |aver i_ dnsl-frce, displacin_ dust-filled air ,o hi_ht'r ]atitudl.s.

tilrllliil,llel, _ill aisll hi, low. and th,.' f;ii]oiit rah" of ¢]ii_t IA'ilids lihll" lie lllxx ill this arc.l ilh'f XVII-°I , ,iusiii<_

l),trticlcs will be ao'<,h'r,ih'd. ()lit" (,t_pccts this rate to Ill' this rt'_ion of low dust COllCelltriltiOll ill persist and

.- t'n]i;tnt-t'0 llv flit" prccipitaihlll ill xc,Lttih's oil suspendcd piT]laps t'\piainill,7 the c'larit_" of t_le alnlo_;l)tlt'l'e ;ibovt'

dust p.:rtieh._ i!lcrea_,ill_ their lll;iSs. Tht,orctic:il ail;llvse_ tim _¢luth polar cap durin_ tilt, planet-wkh, dust storlll
(Rt.f. N\'II-:211 clu,,v oilIv il wl,,lk revt.i-_;e r.delhl]ar coil- of 1.971. hi snniliiiin', dr,position of diist will rICt'lir prefer-

vet.lion slowin7 the ratt' tit precil_,tation of dust. ('ntiiillv over the t, ntire ,ll't,,i of the winter frost c,ip
w]iCll it is still att'lililulatin_ earl)oil dioxide. D<'posilioil

will lit' less el'iT otllcr p,iits of tilt' plant, t and h,ast at

._lli ":iliplirtaiit lilOdt' of precipitation, and one uniqtie tilt' Slililnler polar cap where al)lation of carbo:l dioxide
"-. to the poles, i_ tilt" flux of carbon dioxide into tile grow- is at it nlaxinlunl.

in7 c,l_). W]lit']i i.;lii)edl elttraillt'd dust in tilt, e,lp. Cross

_lh,f..X\'II-1S) it;is calculated tll.'tt, durin_ polar winter. .4s well ,is asscssin_ where deposition takes place, we

0.43 .9 flit. ill" Of carl)on dioxide llreeipitates dllrlng each also call list, /lit, thcorv to cstinlate how r,lpidly dust

• :24hr lwriiid. This is cquivalent {o a eo]unm of atlnosphcre ,lccuniulatt's. Of partit'ul,u interest is tilt, tinle rrquire,1
?_311in high flowin_ into tile surface (ltlrinl_ each i-fill" to ilCCllllltliate ;.1 single lalt'r tllld the tntire mass of tilt >
,criml ;llld corresponds to a veloc.itv of _._tin/see. For ex- ]avere(t deposits. In or(h,r to Illake these eslilnates, only

:: ,inlph>, a 3-pill particle on ._lai-s.of density .<3!._/CIII _. fall- tilt' eonlT'_bution of dust fr'llll 71ollal storms is eonsid-
" ill_ ill :i still alli.n_p]lcre at tile rate predicted lJv the ered. l)ul'ill_ a global stoi'ill the ;,ltlllospht>ric coneentra,

! ; _lokt's-Cullllillghaln relationship, will have tilt" salne tion of dust exeeeds that ill tile t'h'ar atlnospllere b v

, vclocitv, sevpl'aI orders of Inagnitutle, so tills siinl)li_ication st'elliS

. , reasonable. I
(;iven tilt' nlass eollct,ntrdtion of dust, [, in the Mar-7-

l;an atniosphere, one can calculate precisely the rate The most reliable infornialioil about tilt' IlUallti _" of

i of dcposition. 31, of dusi entrail)ed with carbon dioxide dust suspended during a global ,Just storm was obtained
that occurs dnriug a 24-hr period of .Martian winter, by Mariner 9. Chase et al. (Ref. XVII-23) estinlate ;it

ltuist I0 -'_g/elll" over the soutli polar region, However,
_"' .11 =-0.432/g/clU: for reasons discussed, dust dr,position takes place at the

_' winter pole; therefore, the coneentration of dust ;it the
"'_, where f is tile lnass of suspended dust as a fraction of south poh', dihited by freshly evaporated carbon dioxide, _'_
_'.j ahuospheric mass. Estimates of particle fallout, in cell- is likely to bc much slnaller than over the north pole

trast, ;ire imprecise. We have no accurate data on par- where deposition actually occurs.
tieh' sizes or the extent to which turbuleuce modifies

tl,eir fallout. If dlist particles are a t, w mic_onleters in As a working hypothesis, we adopt a vahic o_ 40 X 10 -_ ;

_' size, as suggested by Hanel et al. (Ref. XVII-22), and g/cnl _ as the quantity of dust in suspension over the
_,, under uonturbulcnt conditions, the rate of deposition of winter pole during a global dust storm and also a value

' _ dnst by fallout should be :tFproximately comparal_le of 16 g/era" as the amount of carbon dio::ide in a vertical
,_'_ to tl_e precipitation of dust entrained with condensing column. It is assumed further that the dust storm lasts :
_,. carbon dioxide. In subsequent analyses, we make this for 50 days; if a dust storm of this magnitude occurs;. ¢
_'c,,
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evt'rv _Martian year. tht' annual deposit ot dust, D. is Implicit ill this t'_timate is the c_nccpt of a qn,zh' cycle
_ivcn by ot th,po._ltion. VVe also ne_h'ct any rduction in the thiek-

::_._x_f th, ,l,l_,_,it.-, u,,d,.,l_i,,_ the reran,mr poiar cap "-
D ---50 • O._f g/cm: due to t'rosion. Thc calculations may not prove that the

-- 50 - 0.9 ,' 40 .," 10 _/16 layered dep,siLs art' hundreds of millions of )'ear._ old,
[,tit they imlicato that this is ,tt ]east a t_]ausil)te t'stimate.

= li / IO gJcm-' Earlicr "-cports th,tt tht. lavcrcd ttepoqts were extremel,,
you,_ and possihly mihions of yt'ar,; ohl at most _Rct.

, = 5 ". 10 " m XVII-I) were based t'rroneou.dv on the a,_e of the surface

- ',assuming density of deposit = 2 g/on') topo_raph.v, which is clcarlv very youthfid, and a spt,eu-
• lativt, association of the actual layering with the 50,000-

Observational evidence of variability in do,st storm in- year equinoctial prec_'ssion.

- t¢'nsitv .su_:ests that the rate of dust deposition varies
trom year to year. There is also evident.v, discussed 2. Relationship of Layering to Martian Planetary

.. further bt'low, that the average rate bein_ estimated Dynamics

,4_ox'e varies over _eolo_-ie time. In some preliminary "Fhe regularity of the layc:in-_ in the polar deposits
_deulations, however, the value 5 X 10-" m/)a" is and their great number suggest that there has been some
adopted, temporal modification in the conditions of their forma-

tion. Such effects are familiar in Earth science. Annual

Altenmtion in deposition betwee, the two polar regions mminae (varves) produced by deposition from seasonal
is one significant elfcct we do allow for when estimating glacial meltwater enahles DcGeer (Ref. XVII-24) in
the time required to accumulate thick layers. Dust storms Sweden to date accurately the end of the last ice age,

".. seem to occur close to perihelion, possibly because of However, as we have shown, the lay-:'s recognized on
the stron_ heatin_ induced by close approach to the Sun. Mars by Mariner 9 require not 1 year, but probahly at
However, the cquinocti;,i precession of 51,000 years, least 1 million )'cars to accumulate. Periodic variations
whose pcssible role in .Martian climatology was first in varve thickness have been studied Iw Andcrson and

• reco_-nizcd by Leighton and .Murray (Ref. X\qI-19), Koopmans (Ref. XVII-2,5) and Anderson et al. (Ref.
causes the season at which the planet reachts peril-ellen XVII-26). In the former case, a climatic modulation
to chan_e gradually. In "9_5,500years from now, one would period near 90 years was suggested, and in the httter
anticipate that <lust storms still occur at perihelion but, ease, a 1000- to. 3000-year period.
at that time, the south pole will be the winter pole and
th_ repository of accumulat:ag frost and dust. Variat. ms in solar activity have been proposed as a

, possible explanation e t such periodic effects. However,

As a ('onscqucnce, taking 80 m as the thickness of an solar variations arc largely speculative; periodic varia-
tions in planetary heating are also implied by well testedindividual layer of the polar deposits, the time of accu-

mulation, T, is given by theories of planetary dynamics. Correlations with climate
variatioi_s resulting from variations in the planetary me-

2 X 80 tions arc theretore likely to provide sounder insights into -'-

T - D - 1.2 X 10'; Martian ),ears planetary histories.

= 2.2 × 10_'terrestrial }'ears Planetary movements of both Earth and Mars undergo ,
i tin cyclic disturbances: periodic variations in the

Formation of the entire deposit will have taken much obliquity of the ecliptic, eccentricity of the orbit, and
"" _ longer. Although the average thickness of the layered precession of the equinoxes. Variations in the heat re-

_ ceived by Earth as a result of interaction of these three :
i] deposits is estimated as 2 kin, the maxinmm thickness
_' and the maximum numbe/'of layers underlie the polar cycles were first recognized by M. Milankovitch and

" # caps. Taking 6 km as the total thickness have been studied by several workers including Emiliani
(Ref. XVII-27). They have attempted to relate the astro-

o × 6 X 10_ nomical sequences of cool summers with the geologic
/ T- - -2.4 X l0 s Martian years sequence of Pleistocene glacial phases during the last
_. D 1 million years. These efforts have been only partially

_ ,_, 500 X 10° terrestrial yeai's successful. However, the cyclic perturbations of Mars are
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_omcuh,d ]ar_cr. and ont"s intuitiv¢' impr¢'s_ion is that m,ttt,rial l:ormip,g t}w laver. They cou}d a]_o }}ave bcvn
prc_c'cssc_ t)n th,lt planet are likch" to) rt'Hx,_,d IIiOro ,.rcate(l b.v post-dcpositional rcworkin_ of the uppcrxur-
ol_c(h_i:th t. tl., x'_ri _,;,,,,r, ;,, 1 .,-................. i:,':_c,,,: h,,,t;,_ th,a face of :: layer, possibly by meteo¢ite l_embardment, but
.tctomp,tny the,n, mort. likch" by eolian activity.

.Murra.v ct ,d. _lh.f. XVll-2S) haw ,tlrcadv investigated :3. Precipitation of Water Ice and Vapor

insol,diou x,triations c,mscd by the pcrturlJatiohs of .Mars .-\lthou_h attention has I>ecn foct,sed on the prcripita-m conn,'cti,,, with the ch,tr,tc'tcristie_ of thc laxercd
tion ot dust at the pole_, it is not the onh" material that

; tit.posits. }towcvcr. their time .so,de and their basic as- is deposited there. Other suspended condensate, and
- SUml)tion, .d_out the processes im'olvt,d ,q)pe,tr to con- vapors that coudense at or above the te,nperature of
"_" tr,tdic't those dvvclopcd here. Two tvlx.S of pcrturlxdiou frozen c,:,bou dioxide will also be precipit;Ited. The mostto the Marti,w orbit arc discussed in Ref. XVil-2S:

important of these is water. The preblem of estimatin_
1; ,,quinoc.ti.d prcce_sion with an circe'tire period of its rate of accmnulation is addrt._scd in the subsequent"- 51,{_1 vc, trs. which Ires already lwcn mentioned, and

,Ot c]_,lll_t"_ ill orbital ellipticity with a hi_h-frequency paragraphs.
", ¢om t, _,,nt ot .tt5.(1(_1years superimposed on an envt']ope

• with a :2-million-ve::r repetition..Xlurra_ ¢.t ,d. inh'rprct In an earlier asscssm,.,t of thv transport of water to
th- :30-ml,ty¢'ri,_ of the polar deposits in terms of some the .Martian polar caps, l,ei_hton and .MurnLv (Rcf. XVll-
kind of control on volatiles e_crcised on the shorter time 19) attributed much of a'e mi_ratlol, to water vapor

scale of 95.000 years, 1)_,t assitw _,o significant role to transport, on the basis uf a random walk meridional
the 50.(_lo-vear twriod in the formation of laminated transport. They estimated that 20 to 30 × 10-' _/em-' of
terrain. They interpret an escarpment as the series of 21 ice is deposited anmmlh" on the transient polar cap.
h_)','rs that formed in the 2-million-year interval. In these While their mechanism is probal)ly valid, it may under-

estimate ,the total depositmn, for the flux of carbon'" terms the lamiuated terrains art' extraordinarily yount_
with ,t ran,.a' of perhaps la million years between oldest dioxide into the growing polar caps will carry entrained
and youngest, water vapor aud water ice just as it carries dust.

• The anah'sis made by this author su_u,'_ts that in Water vapor concentrations in the equatorial regious

95,000 years, less than 2 m of dust would aec,mulate, have been estilnated at 10 to 20 >( 10-_ g/cm'-' column
which would be quite invisible to the Mariner 9 cam- 01ef. XVII-22). As water vapor is ta'ansported from the
eras. However. 2 million years is iust about th,' right equatorial region toward the winter pole, some deposi-
amount of ti,ne for accumulating the 30-m thickness that tion will occur on the surface at mid-latitudes, and this

" is the finest la)'vring recognized in the Mariner 9 pictures, may invoh'e adsorption on the Martian regolith (Ref.

' ',.. The layering may result from the modulation of dust XVII-9). I-[owever, the existence of a cloud or "hood"
storm activity induced by this ellipticity perturbation, that obscures the polar regions during the winter season
.Murray et al. (Ref. XV11-28) point out that these ellipticity and which is higher in temperature than the sublimation
variations cause periodic variations in both the ave;age point of carbon dioxide seems to imply that water ice
and the peak insolation expe:'ieneed by the planet. As crystals, as well as residual amounts of water vapor, re-

main in the cold polar atmosphere.dust storms are strongly correlated with perihelion, one
might expect the varia0ons in perihelic insolation to/

.. - modify the intensity of global dust storms, as suggested Although it is evident that less than 1 t,m _,f w_ter
,, by G. A. Briggs (Ref. XVII-29}. He speculates that, dur- vapor is present in the polar atmosphere (Ref. XVH-2'2),
"_., ing• a significant_ part of the 2-million-year cych', the it seems plausible that much larger amounts of water
•_" insolation at Mars is inadequate to allow genendion of exist adsorbed on large dust particles and nucleated as
!_ unstable global dust storms, ice ,-rystals on snmll ones. So low is the water concen-
_' tration in the Martian atmosphere that the small (frac-
5

,_ A depositional hiatus is one possible underlying reason tional micrometer) ice crystals will u'_t exist in sufficient
"' why ,ayers erode into terraces. It was stated above that number to grow rapidly by accre'_ion (Ref. XVII-20).

terraces imply a variation in eros._onal response between
the top and bottom of a layer. These variations could To estimate the annual flux of water into the growing

': have been introduced during deposition because o[ tern- cap, the total vertical abundance of ice and vapor in the

_' pt,ral changes in the composition or p_urticle sizes of vicinity of the grc'ying cap is' assumed to be 5 _m ,or ,
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hctx_eclJ,)_.'-fi),_rth and on('-hal! of the' _'(tuatoriai abun- 4. Stability of Dust and Water Ice in the Polar Regions

(I,nlee. This .tllow_ !or si_ni[ic,mt ,,_chan_(. x_ith the "l-hvr(. are two prineipal environments affec'tvd by eon-
_,,rt ,.,. i,) udd-la_it,,.d ,- {!,b.'f. X\'ll-qt_!..-_.tmt_i,t'tric th,n_,d materials in the polar rt'_ion: the area o[ p,'r-wah', i_ ._sstm)ed t_) 1)e i)ni_ormlv mix(d, and watt.:-

ennial frost and the l_('lipheral zone ot annual frost cov_.r,,l_orl),'d oii dust is nt'_h'ctv,1 (;r,_xit;ttion:tl f,tllout of
(Fie. NVIi-hti. Altl;¢m_il esti,nates of dr'position rates

tractional mlcromt-tcr ic(" crx,;t,ds is ucgligibh', h:t-,'e b,.'t'n performed only for the poh's, codeposition ot
t, dust and water iu both annual and perennial frost areas
', I:olh)xxin_ thv apt)roximations of (3"(v,s _lh'f. XVII-IS) durin_ the winter season is impheit in the ana',:i'

that tl,, Iiorth p,)h, is in darkncss for :3_16d,tvs and the h)rmc.d so fro'.
_outh pole for 3S1 days. the accu_uulation of water at

the poh.s is c.omputed in a similar way to the ('ntrainment l)urint _.the sl)rin_ and summer season, carl)on dioxit't,
of dust. sul)limt.s from both 1)er('nnial and annual fi'ost zone;.

The loss of earl)on dioxide from tile annual frost zone is

At the north poh. (.9():N) followed I)y the sublimation of water ice. although somt
water ice may I)e retained in shaded areas. I-]owever, the

" .5 , I0 '
\lass of water :- :308;" 0.432 _" _/c'm-' pere:mial frost cap. which always has a high albedo and

16 al,sorl)_ mneh less solar en(,rg.v, should retain the annual

= 40 :" 10 ' e/cm-' deposit of wat ice and should be the major repository

At the south pole Q)0°S) of water iee on .\lars.

.Massof water :: 50 X 10" v,/e,n-" Dust deposits are not susceptible to sublimation. I)ut

they art" subject to erosion; _laeial and wind erosion are
". The close a_reement with values computed 1)oth by I)oth I)ossible mechanisms. Fluvial action seems h'ss likt.lv

L(,i_hton and .Xhlrray tRef. XVII-19) and I)v Leovv (l:let. because of the cold temperatures of the polar zon,'. If
" "_ ) 4X\ II-o(), who also estimate 40 ","10 g/era-' per year the existence of the layered deposits is to be accounted

/or th(. flmt.r c,tp usin,_ quite di|ft'reot methods, is prob- for in terms of duct deposition, then these processes
• abb" f,,rtuitous, could not have been effective during the period of forma-

tion of the layered deposits.

It was estimated earlier that 2.2, × i0'; years are re-

quired to acetmtulate a _"-m layer of dust if present E. Implications of Morphology and Distribution
rates of dust accumulation are applicable and if all th/ of Layered Deposits

, dust is retained after deposition. With the same assuml/-
tions, the ammmt of water (D) aecumnlated dining the These ideas on dust and water deposition and reten-
same period can lit, estimated (density of water ice = tion can be translated into predictions of the distribution

, 0.9 g/era') of the layered deposits which can be compared with the
, observations. One of the simplest models that can be

2.2 "4.!0' Y. 40 X 10-' .'4 10 : dev,.'sed is based on the assumption that the dust de-
, D : 1.84 X 0.9 = 55 m posited in the area of annual frost is all retained, whereas
: '" the only perma,aent trapping of water takes place in the

small area of peremfia! frost.
The remarkable ,'esult of this analysis is that at least

.i as much water ice -',s dust i., currently being deposited Dust deposition rates have I)een calculated only for
; in the *lartiau polar regions. There is potential for error the geometric pole. One's intuitive cxpectation about the
',I in these e:_timates, and the concentration of both dust

areal distribution is that dust deposition would be quite
.. and water in the Martian atmospltere may have under- nniform in a central polar area; it would drop gradually

gont. considerable eluu.ge duriog the time period of with radial distance from the pole and more abruptly
,? formation of the layered deposits. Hewever, siuee it is.at near the maximtuu radial extent of the almual fi'ost cover

I least iHausible that both dust and ice are being deposited to a value that approached the planetary average. Many
at comparable rates, und('r current conditions an assess, millions of years of steady accumulation would then
ment of the stability of both material_ in the polar zone result in vast, featureless, domed plateaus symmetrical

,, is warranted. ' about both poles and with small-scale topographic lea-5
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turfs viqhh..nlv m,.u-the bord, r, _ here tl." pre-existin_ lwrmaoent fr,_st caps. The crucial dillicultv with this idea

t_,po_raph.x vm_.r_.d Ir-m the thim.in_ deposits. The ste:m from the ob,.ervati.n that the lavcn,d deposits arc
flat terrain sm'lac¢' x_o.hl l,c c..,Ix_wd onh' .| tl.' m'w,'st i,, i_.,<'tpr,'.,',',.'d f,,r co,l_kh.ral_h' di._tanccs outside th,

d,'posits c_mlorm.tblv mvrlyi._ -Idcr ones: without a peremlial fiostcaps.
crc),,, ,.ccti,m inci,,cd into the ,,urr,tce. we v,oukl Iw en-

tre.l) i,_,.,..mt _t ,m, I.ty_,rin_ in tin' surface materials. AIt_,ration_ of deposition and erosion close to the
Near th," te_¢.,.r .i thi_ pLm.,m would lw th,. _mall bonndary ot th:' present pervnnial caps could be ae-

'_ lWn.mfial imlar cap lw.eath which the &'posits wcmld counted for by variation., in the extent of perennial frost
: c,,.t,ti, w.m.r ice ,rod lmssibh, cartmn dio\ide in addition I_ec,mse of ;_.,trmmmic.al twrtu:'lmt,ms. However. the

t-dnst, existence ota freshly eroded, laminated-terrain surface

c over l(}i_) k,'..,from theedge of the perennialcap (Fi_.

Such a description is obxivuslv far re,moved tr.m the NVil- °} su_t'sts some major secular c.han_e m the
rt'alntv o! laminated terrain, h,_h'ad of thes,' vast. feature- *lartian cnvironm,:nt.

less. domed plateavs, we rt'co_nize subdued uplands dis-
sected Iw cn,'vin_ .rod simmus escarp:m'nts and channds

" ' _tri,_. XVII-5) occ.utLxin_ only a small fraction of the area F. Discussion

: of annual f,-_t cov_.r, cm_tacts |wtwccn the lave,red dc- Possible objections to the model presented for the
: posits and underlyin_ units imply the stripping of the nature and origin of "'laminated terrain'" range from fun-

surface and not a _radual featherin_ out of tin' deposit, d,m;ental disputes about the processes involved to rela-
Howevc,'. tile c\istenc-e of thick deposits extending as far tivelv minor questions about the details of sources,
from the poh. as 72_S _Fi,_. XVII-:2_ do SUplmrt the con- mechanisms, stability, and whether an episodic or con-
c.ept that deposition originally took place over a large tinuous history was involved.
part of the area of alnlua] frost cover. "lhere is. in sunl-
mary. c'm,sideral)h' evirh'nce to su_gcst that there once
were domed plateaus of layered deposits in the polar The principal objection in the first category, at the
reRions of \lars. hut thev no, " a_,'eextcn,ivelv eroded and time of writin,_, centers on a basic question of mterpreta-

occupy only part of the region ih which they originally tion of the photographic data. *lurray and \lalin (Ref.
• / formed. XVII-31) and .Mun'av et al. (Ref. X\',I-'2I contend that/

, the circumpolar cliffs and escarpments of laminated ter-
/ rain are primary constructional forms and not erosional
' ._ There is a body of evidvnce to indicate that wind features. They attrilmte the accumulation of materials

erosion, and not _lacial or ttuvial action, for example, has in this unusual manner to a process invoh'ing volatile
;. caused the strippin_ aud dissection of the layered deposit, condensation, modulated by periodic variations in aver-

, Tht, patten_ of albedo markings around the pole, groo-'- a,_esolar insolation. This is considered to lead to the
.'. in_ in the eonti_uous pitted terrain, and flutin_ on the fornmtion of circular plates of frozen volatiles and dust t

interscarp surfaces of the layered ten'ain point to the conccntrie with the polar axis. Polar wandering is in-
:'- existence of active wind erosion in the polar regions yoked to explain the fact that the "plate edges" (circular
f (l'aper I: set Section XV of this Report). Intensification escarpmemz in this section) are not concentric with thef;

: ot winds near the edge of the rt'cc'din_ polar cap is a present pohu" axis. and the "plate edg%" arc then inter-
possibh, e'.planation of the intense erosion in the eircum- preted as fossil latitudinal circles.
polar lwlt. What is surprisin._ is that, if wind is so

, effective :m erosional a_ent, why are there anv layered
_ " " The polar wandering aspect of this hypothesis has

'" K' deposits still in existence and how did they accumulate
._, difficulties that have been discussed elsewhere by Cutts /,

._i to a signilicant thickness initially. ,:? (Paper I; see Section XV of this Report). The foremost
,._), _ objections are that many of the topogral'_.:e features of

' _.':'-' One possible exphmation is that dust deposits have ',aminated terrain are actually, channels not scarps, and
_.! been cemented and therefore protected by the ice of the many are irregular or sinuous and therefore not co;,centric
_" perem,qal trost. There is some indication that the pcren- to any single point. It seems easier to explain th?se fea-
_ nial frost does protect the surface. Erosional features _ueh tures by wind erosion, which is suggested by many inde- '_,

! as flutes and grooves are not obst,rved in the area of pendent and corroborative lines of evidence (Paper I;
perennial ice. ahhough considerable textural detail is see Section XV of this Report) and which is less gee-

;"' visible. The layered deposits are also thicker under the metrically confining than the polar wandering hypothesis.
?

,n I .__. -"I _ . _ I
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A dilficulty with tilt' ideas presented iu this section is ill volatih,s. Growth of segregated bodies of ie(' from
. that a major secular chan_(' in elinmtic conditions is the repot ph,tse is also a possibility the formation c)f ._

rt:tuired to account for tht. t.lt#:,,it)ll(.if lavt'red deposits liquid carbon &oxide at some depth within the layers.
: that is presently occurri1,_ out_ide the perennial cap. where the tempt'rature and pressure of the triple point

part,cuhtrl.v near 72:S. O,w speculative possibility is thai. is reached (Ref. XVII-:3: also set. St'((ion XVlll el this
tht' perenw.al polar caps once h,td a very much _reater Report). cannot be excluded.d

area. prt'ventint_ erosion of tht' area now being eroded.
.h Mt, rrav suggests that polar u.'anderin_ can ac'.'ount for
/ the observed distribution of layered deposits without a G. Conclusions

,najor secular climatic chancre. I-le argues that if (lust
"-_ were r('taincd only in the perennial caps and it the perch- Layered dep_.qts in the Martian polar re,ions are inter-

nial caps were about the size they are now. but had preted as accumulations of dust derived from atmosphcriv
w:mdercd around the polar r<,_ion thcn this could also :;uspensions. Depressed and _'roded terrains of tht' eqna-.. torial region are co,)sidel'ed to be the principal sources
account for the observation. Detailed traciw_ of layered
strata throughout tilt' entire polar region may establish of dust. A depositional model based on polar precipita-

tion of dust predicts the for,nation of a vast. dome-shaped.
? which of these two possible models is closer to reality, featureh'ss plateau undc:'lain by layered deposits and

oceup.ving most of the area of ammal frost cover What is
The existence of dunes either on the layered terrain ohserve:l c_n be interpreted as a highly eroded remnant

or in the materials apparently derived from them (Ref. of this hypothetical plateau, and a major secular change
XVI1-6: also see Scction XI of this Report) seems para- in the erosiom, l conditions in the polar regions is con-
doxical if the layered deposits are formed from wind- cluded. One speculative possibility is that the size of
blown dust. A basic characteristic of windblown dust is the perennial polar caps has decreased.
that it does not participate in saltation and presumably
cannot form dunes. Possible explanations are that indi-

The rates of accumulation of dust and water ice in thevidual dus: particles are consolidated either by compac-
tion or meteorite impact. Less likely, as surface winds do polar regions have been estimated on the basis of atmo-
not seem to favor it, is the transport of saltating particles spheric conditions iu the F:'esent era. The analysis indi-
from the surrounding eratered terraip.s, eates an accumulation time of about 500 × 10Gyears for

the layered deposits and the pr,.scnce of significan:

Anothc_ problem c,accrns the material "missing" from quantities of water ice in the deposits beneath the
the layered deposits. Material derived from the original perennial cap.
featureless, do'.ned plateau, which was inferred to have

. , once existed m the polar regions, must now reside else- The layering is tentatively cur, elated with modulations
' where on Mars unless ,nultiple cycles of erosion and of dust deposition induced by 2 × 10* year periodicities

d,:position have occurred. Evidence presented in Paper I in the orbital clliptieity of Mars. Particularly in view of r
(also see Section XV of this Report) indicates that wind the secular changes that seem to have occurred on Mars,
erosion has transported material outward in a spiral path. these age estimates should be treated with great rescrva-
Evid<,p.ce for extensive mantling of terrains in the mid- tion. However, earlier ideas that the layered depos:'ts
latitudes ha._ bpen tnesented by Soderblom et al. (Ref. represented an extremely short span of Martian history,
XVII-82; al:,o set' Section 1X of this Report). The layered ' a few tens ot millions of years, aFpear to be no longer
deposits may well be the source of much of this ,naterial. volid.
Thus, Table XVII-1 presents a greatly oversimplified life
cycle ot the layered deposits of Mars according to the The formation of terraced erosional surfaces corrc-

i scheme favored by S,nallev and Vita-Finzi (Ref. XVII-_3_3). spending to individual layers or groups of layers indi-
'q cates variations in response to erosion. One possible :

; Wh;de there is no evidence of the existence of water ice explanation is that reworking of the surface by eolian
in the layered deposits that can be unequivocallj demon- action has occurred during intervals of non-deposition.

i strated from the pictures, the calculated rates of deposi. Fluting and grooving of the terraced terrains are observed
: tim', of w,ter and stability considerations suggest _apid ot, tside the perennial Ft,lar cap, and this ,,sion may , , ,

accumulation in th, area of the residual cap. Many other account for the lack of small impact c ors. Material
i. anomalous layers associated with volcanic eruptions are eroded from the layered deposits appt.ars to be partly

i_ probably to be found also and may be particuiarly.:'rieh
iI_ redeposited in the mid-latitudes of Mars.
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XVIlI. DquidCarbonDioxideand the
Martian Po!arLaminae

i,

Carl Sagan
Laboratoryfor PlanetaryStuches

CornellUmversity,Ithaca,NewYork14850

()n_' of tht' mo,_timportant findings of the, Mariner 9 down. These, two views to_ctl.t', iml", that the a_e of
mission was the' existcHec of a s¢'t of apparent stac]<¢,d the, \1 .rtian atmosphcr¢' and th, tim- scale :,itwc th(,
lav_-rs in both tht, north and south l:_lar ,'egions _;[ Mars dit[crentiation c_[the plan¢,t is only _ 10: years. How-

tRef. XVIII-1). The individual layers ]my(' been called _,v(,r the shape of '_,t, crater frt'(luency-diameter curve
, '_, ', ],tmi,a_' _md the' zone's i, which they appear lamiD;ttcd f_)r tht- old cratered arc'as of Mars (l!(,f_,. XVIII-4 a,-d¢ )

terrain. The total thic.kncss of the laminated terrain is XVIII-5), as well _s the eroded appearanc(, of large
al)proxim,_tcly several kilometers, in a_rec'ment with a craters, seems to speak for atm_sph_ric erosional events
crude estimate of the thickness of the residual north and ;n the more distant Martian past. A hill contcmpor_tr.v

, south polar caps of Mars made before the Mariner q eolian erosion rate has been deduced fur Mars (Ref.
miss':op. (Ref. XVII1-2). Because, the Martian atmosphere XViI1-6; also see Section Xil of tSis Report).
is composed largely of CO... and because the frost point

..' of CO. is know_a to be reached in both polar regions, it 1 propose here an alterpativ_" view of the thickness ot
has been assumed that the volatiles in the brit;ht laminae laminated terrain, whicll follows from the fact that the

"; are in appreciable part condensed CO,,, although con- triple poitlt of CO.. is at T, = 217°K and 'P., = 5.1 bars.

'.S densed It..C', and a CO:-H.,O clathrate are also possible. At temperature/pressure pairs larger than b.cse valw,s,
_,, As lo_g as the ratio of CO., to H..O is large, the physical ,-.CO., will exist in the liquid s;.ate.
_J ' properties will be dominated by tile CO_.

:_ ' The existence of great volcanoes with summit calderas
Slurray and M_din (Rcf. XVIII.3) propose that the (Ref'XVIll-7), _:s well as the hi_zh silicate content of the

_ absence of discermble Idminat_,-_ terrain mo_c than sev- _lartia,_ surface dust (ltef. XVIII-8), leads directly to tl.e
' eral kilometers deep in the polar regions Ran be attributed view that Mars has been differentiated, and .;.borefore

to Mars having had an atmospheri_ only in its rather thz'- the -:ontent of radioactive U, Th, and K at the sur- '_
recent history. Earlit,r, they propose, there was no atmo- face of Mars may be comparabh, to that ._" the surface

sphere, and therefore no pol_r, lamim:e could be layered of Earth. Accordingly,. a temperature gra;2ie,at caused by

F
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radioactivity dec_w of some 10 to 40 K°/km. a value ditions !,tssumi lg that tIw atn,osphcric pressure on Mar_
t [_...t3"plt_li of Earm :,,,d tht- _ ...... _. ma-" :_9 .:i,l,!)" tn \lar_. was never above 5.1 bars_ vaporizes or freezes. Radio- F

This wouhl tht'll i_t" the tempe:ature _radient at tht. activity tachs about [ cm C()./yr. _.ixin-_a tlllle const,mt _,_
bound,ay of a_'d I_t,nt.ath the polar laminae. Within the < 10' years for establishiu_ the equilibrium thickness of Hfrost layers themselvt_, the content of radioactivity will the full set of l,uninat, plat_'s. Tht" t_)tal thickness of the
he less. but the thermal diffusivity of water and CO.. ice .Martian p,_lar laminae stock _,ts well as the thickness of

Lscomparable t" that of dry dust. For a constant heat indixidual laminae) may therefore he a t_mscqtwnce of
flux from below, the temF.c tture _radient within the tht, phase diagram of CO ,rod not of the history of the I_
polar lamina( .huuld be n, .mlfieantly diticrent from .Murtian atmospht-ro.
that of their 1,,_,t.ndaries..'t,-,rdin_ly. T Lsreached at a

depth of onl.v , ;t • kilomettrs within the polar laminae. Thus. it hv no means follo,vs from the structure of the
The hydrostah__ pressure load "it such a depth is :,>P_. .Martian polar laminae that the atnlosphere of Mars is a

__ Hence. depths of CO.. frost more than several kilometers relativt.lv recent arrival on the .Martian scene. Even a
: thick eamaot exist on Mars. At the bottom of. ach a layer, dense atmosphere datin_ back to the origin o." Mars is

the CO 1.iquefies and is laterally t_ansported by the not excluded. This argument also caa be read in reverse.
wei_31,tof tht. ovcr!ying solid layers that do not float in the thickness of the laminae bcin_ an ar,,ument for a

! the liquid. The liquid, exposed to ambient Martian con- terrestrial value of the subsurface heat flu.,:on ._[,tlb.

I
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i XlX. MarsAtmosphereDuringthe Mariner 9
Extended Mission. Television Results

C. B. Leovy
University of Washington, Seattle, Washington 98195
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B. A. Smith
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After the period of regular data-takizk_ l)y Mariner 9, Table XlX-Z. Extendedmission data acquisitions

durin_ which data from two revolution._ each day were

acquired aml played back, data acquisition was limited RevoJutilm numl'_ers Equivalent
to irregular intervals as shown in Tahle XIX-1. These (sequential from 1972Earth Mars Areocentrk.

orhital insertion, date ( G*iT ) seasonal longitude of
data from the Mariner 9 extenth,d mission provide a N,w. t4, 1971) date the Sun, L,
record of seasonally varyin_ processes from mid-spring

to earh' summer in tl,c northern hemisphere of .Mars. In 262- .March°3 .March 05 4

this section, we report on atmospheric phenomena oh- ,116/417 J,me8 May 1 40

served hv the television cameras during this period. Pre- 4o2/423 June 14 May4 43

liminary te',,visiou results on the atmosphere from the 4311/431 June 18 May6 44

regular data-takin_ period have been reported elsewhere 436/437 June 21 May 7 46

(Ref. XIX-I). The map (Fig. XIX-1) shows locations on 444/44.5 June25 May9 48

,Mars of most o[ the subsequent figures. 450/451 June 28 May 10 49

458/459 July 2 May 12 51

478/479 July 12 May 15 54
A. AtmosphericClarity 5. 8/529 A,,g. t6 27 65

Surface features were viewed more clearly in pictures 533 August 9 May 29 67

taken during this period than in any previous spacecraft 667/668 October 16 June 28 96
675/676 Octoher 21 June 3{1 98pictures of the planet. Extensive cloudiness can be seen

near the left skle of Fig. XIX-2, l)ut the exceptionally aLastorhitofstandard mission.
clear character of the cloud-free atmosphere is apparent
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, Fig. XIX-1. Map showing locations for the accompanying figures. The numbers refer to the figure numbers in this section. ,

m,ar the limb in the Iower-riqht part of the fi?ure.' Here mission. Further evideuee for _em'ral atmospheric haze• _e I *surface topographic detail, part of the extensive tropical was reported by the . _¢.rmer 6 and 7 ultraviolet SlWe-
eanwm system m'ar 10°S, 90°W, can be se-n at emission trometcr (U\:S) experimenters (Ref, XIX-4).
auRh's as larR(' as 88°. This cla_'ity is Wpical of limb

pictures takcu during this period. Terminator frames Visibility ehan_es in the Hellas basin are of particular
show similar clarity: sharp detail can be seen up to the interest. Near the. ,,nd of the standard mission, some topo-
sha(low lira,, l_x"contrast, data taken during the earlier ._raphie features had been sct,n on the ttoor of the basiu
part of the Mariner 9 mission (the standard mission_ after in an area which had previously appcared to be quitt'
the _lol)al dust storm had cleared (mid-February to mid- smooth. The dust raiscd during the global dust storm
March 1.972)showcd a degradation in the clarity of sur- was apparently slower settling over Hellas than else-
face features within 5 ° of the terminator. Mariner 6 and where (Ref. XIX-1). Fi-_ure XIX-3 shows sharp detail on
7 television picturcs showed the same effect; surface a part of the Hellas floor on which surface detail had
details were best seen 8° or more from the terminator, not bt,en seen before. The subtle topographic features
and then" visibility dcterioratcd at lower Sun angles (Ref. can be seen quite close to the morning telmiuator (upper
XIX-2)...klthou.tr, h the lack of detail near the terminator left).

may have been due in part to unexpectedly low sensi-
tivity of the Mariner 6 and 7 television cameras at low On the basis of the visibility of features observed near
light h,vels, it is ]ik(,ly that atmospheric haze was re- the limb and terminator, we estimate the normal inci-
spon_ible for most of the effe(,t. This conclusion is sup- dcnce optical depth throughout the extended mission
ported by the gradual decrease in brightness across the period to be less than 0.04. Similar estimates for the
limb, as shown by Mariner 6 and 7 televisima data (Ref. earlier spacecraft data are compared in Table XIX-2.
XIX-3). With a few exe(,ptions (noted below), the limb The Mariner 4 estimate in Table XIX-2 also shows a

was more sharply defined during the Mariner 9 extended small optical depth. It is taken from the analysis of YounK
(Ref. XIX-5), in which a substantial instrumental contri-
bution to brightness had to be removed from the data,

q_or identificationpurposes,the Mariner 9 pictures are identified in Although only a few data points are available, it is pos-the framecaptions by roll and frame nunaherand DAS time. All
l)icturescan he ordered from the Nati,nal Space Science Data sible that tim optical depth variations shown in 'Fable
Center, Code601, Greenbelt, Maryland 20771. XIX-2 represent a real seasonal variation in the normal
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Fig. XlX-2. Global mosaic showing the Tharsis region on revolution 528. Note the clarity
near the limb in the vicinity of Tithonius Lacus (bottom right) and tl:e brightening on the
west sides of the calderas (bottom and left). The marker indicates the location of the limb
profile of Fig. XIX-4. Only the bottom picture of this mosaic is shown on Fig. XIX-1. (MTVS
4296.55, DAS 12994387; MTVS 4296-51, DAS 12994317; MTVS 4296-47, DAS 12994247)

optical d(.pth. _,xulusix'(.of the great du_t storm events, shell in the I)ri_,htnt,ssal)(wcthe limh seenin l:i_. XIX-2.
.";u('ha seasonal opacity variation could bc cxplaim,d b.v This shelf als() can Iw se_,uhv careful i.spection of the
widespreadSUSlwndeddust raisedpredominantly (luri_g original television picture. The laver occurs re,a,"20°S
the northern autumn and winter seasons, The latter is latitude (hu'in_ the afterm)on, and it_ top is c._timatt,d to
also thc season ()f Mars' pt,rihclion, hv 15 to 25 km above the surfac,'. It may correspond to

the upp('r limit of the activc convccti(m layer predicted
A few exceptions to the usually sha,'p limb l)rofiles by Gierasch and Coo(Iv (Rcf. XIX-6). There was no indi-

wt.re_fl)s(.rv('(1.Figurt NIX-4shows a limb profile in which cation of th(, v(.rv high (70-kin) haze layer which was
the upper boundary of a thin haze layer shows as a faint observed duriut_ the plauct-wid(' dust storm (Ref. XIX-I).

JPL TECHNICAL REPORT 32-1550, VOL. IV 285

1973023947-296



!
--" i ii i ___

i
|
I

J

4-- " "_

L

-'i .... "'Fig. XlX-3. Hellas basin near the morning terminator on revolution 430 (see Fig. XlX-1 for
Iocatiun). The morning terminator is just beyond the lower-left corner. This picture has been
high-pass filtere_J in the vertical direction to reduce the large-scale variation in solar illumi-
nation. (MTVS 4289-7. DAS 11797001)

>

40

-320 -240 -I 60 -80 0 80 160

HF.IGH? A,BOVE LIM, Bt I,.m

Fig. XlX-4. Limb profile on revolution 533 (see Figs. XlX.1 and
XIX-2 for location), The arrow indicates the top of a thin haze
layer.
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TableXIX-2. Afmospl'.ericnormal incidenceoptical depth x(.nrud. ,rod th,- xh,.akx ,n,' th_.r4.h:,c inh'rrcd t() }_,"
cltmdx. Tht' I)ri_htnc,x -I tilt, c}, )d,. _,pcci,lll.v n, ,u" th,'

l:.,tn..{t,d turndn.ttt)r. Xtl_t[uxtx th,tt thcv ,trt. ('{)ltlllil,,t.t] (li t(llldt.ll-
I,
Z"

._h.'.lo. \l.u-.._,t.,,nal I. _t_,r,,_,,I x.,tcx ratl.'r thiln duxt. Ii,tht' l.x_cxt .uc or txx,) _,dc _'

,'ptl_.il,l_'pth hui_ht.,,, tt.mper,tturc_ ,ur alum,, thr C() c(mdcnx,lti,m ]1
tcmp,'rature at th_ latitude .l_Ld sr,tso_, _l_t't'. NIX-T: _.

Maru,'r, 6 .rod- C)_t(,i,_r 1-I 21_I) 11l(11"I'V) :.tl',_)x,'_' S_'cti_ul XXXVI _lf this l_cportL ,rod tllt'l".'[(_lt' tilt" L

).htrm( r, (_ anti 7 ()tt,_bt.r 14 2(_b 0.0t_ _I.'VS: most likclv e,mdid.th' |or tht' timid ,n,ltrri.tl ix water ice. t
Rot. NIX-4_ I icllax has hr,'n ohscrxcd t_) lui_htcn trt'qut,ntl.v at _his I'

; Man,, r '1 _.l._r_h 1-25 ._3(_t-.}-tl_ ().,l-5tt, (_._1) ..,casml ',l_ct. XI.X.-%L and chnldint,xx ot tlHx t.xpt. ,tpl]uar.,, _,.

_, st,u,d.mt mi,,fl,n t(_ bt, responxible for this r_'eurrcut 4c,txtm,tl hri_l,tcnm_, i'
+ ( l't,..t du,.t ".t.r,u ; .-\lth,mt,'h tht" clnudx ,u'(" parti.tllv ol_xc, n-in_ th<' xur|.tct.. I

.Uamm r9 .\prnl 2t-July 1 31| b, 1(1(1 _ It.(|t XOlll(' Sllrt,tL't' tt',tttlrt's _.',tll I)(" x_.'t'll <limlv through thc t

', l,:xt, nded .u,<i,,n clmx(Is, su,.z',.:estin_ thz,t the optical dcpth_ are mostly -/ 1.

i There i'; a ,,u_t,'estitu of w,txt" cloud', m'ar th,' h'[t cd_c 'I
o1: tht' picture. Thexe m.tv bt' dut. to tht' iuttucnce o( thc

l B. Clouds in the Polar and Sub-Polar Regions west run ,)f the ba,,,m it tilt" ,;oxxis h-l,i tilt' west.
l"i_ure NIX-5 shows extt'uqxe b,i_ht str,'aks _xer the

i .,,()uthtu'n part _ll:Ilclla._ m';_r thc mornin_ terminator. -1-ht, VCdvt' rloud_ fi_rmed by stron,_ ttow ox'c_ t_po_r:tl_h.v
• streakx art qmilar in fiu'm to :omt' v,.rv faint streaks w,.re seen _)x't.r the s:n_thcrn polar re_ion s(_uth (_[ 50 S

viewed in tilt' samr re_im_ t,arlv in the m_ssion. ,_lx() in _lZi_. XIX-6). The-st' wcrc similar in appearance to tile

the mornin,._, (r_,volution 136. Jan. 22, tt'rrcstrial datrL In clouds ,a,cn in the. n._rth durin,_ thr nt)rthern winter. In

h,_th c,cses surf;Ice fcatures were partly or totally oh- particular, the prcd(_minant wavelengths art' comparable

• . '. , .............. "-- ,,it"

¢

._ '.-_ ' . ___j_

.. ._/_..,_.

Fig, XlX-5, Cloudsover Hellas basin near the morning terminator (see Fig. XIX,1 for location}
on r_volutlon430. This picturehas been high-passfiltered in the vertical direction to enhance
details. (MTVS 4289-3, DAS 11796791)
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Fig.XIX-6. Mosaicof framesshowingcloudsoverthe southpolarregionon revolution459
(seeFig.XIX-1forlocation)•(MTVS4294-71,DAS12535245;MTVS4294-75,DAS12535175;
MTVS4294-79. DAS12535105)

(30 to 40 kin): the relatim_ship between the waves and of southern winter. A few brie;ht patches near the termi-

underl.vin.tr, topography shows that waves are formed in nator /bottom of Fig. XIX-6) may be localized patches
westerly winds in both cases, and wave clouds are re- of frost.
stricted mainly to the latitudt, band between 30° and 40°
from the poh, in Imth the northern winter and southern The receding north pohu" cap in general was seen
winter. Closer to the poh,, the wave-cloud {ield gives way clearly during this period, but close inspection of a hUm-

to diffuse widespread haze. The su,'faee c-m be seen her of pictures reveah,d faint clouds over the cap and
faintly through the thin haze south of 60°S. and does not just south of its edge. Figure XlX-7a is a wicle-angh,
yet appear to be frost-covered in the illu:,ainated portion camera view of the cap in which, at this low resolution,
of this region (May 11, Mars date), even though this the cap area appears to be cloud-free. A narrow-angle
region does become covered with CO: frost by the end eamera picture, taken a few minutes earlier over the cap.
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:
Fig. XlX-7 (a) Wide-angleviewof the northpolarcap,on revolution529, showingfootprintlocationsof Figs.XlX-7t and XIX-7c.
(MTVS4296-102, DAS13028127) (b) Narrow-angleviewtakenat aboutthe sametime as (a). Notethe wavecloudsto the west
of the largecrater.This picturehas beensubjectto high-passfiltering in the vertical to enhancesmall-scaledetails. (M,VS

i 4296-99, DAS13027322)(c) Portionof wide-angleview nearthe capedgeon revolution423. This picturehas been subjectto
high-passfilteringinthe horizontal.(MTVS4288-116, DAS11658890)

m

_l.,ws very subth' x_ave ehmd_ to the west of a large C. LocalizedbrighteningPhenomena
cr,tter (Fi_. XIX-Thl. These clouds appear to have formed in the Tropics
in ,.a_t-to-wt'st tt,_w over the crater. Anotl,er examph, of
the app(.,tr._nce of subtle w;,x'e clouds is shown in Fig. Si_nific.ant m,w ol_s,.fvati,m_ were mad,, t)t s,,v,,ral of

XIX-7c. lh'r,' the wave-ehmd pattern rc.;eml,lin_ fish the localized l_rit_ht,.nint_s m the ..",m,tztmis. Tharsis. and
scales appears h, I_t' f,,rmt,d in nortlwast-to-southv'est Nix Olympiea re_ions; they haw Iwt.n r,'eo_nized lw

tl,_w oil tl,' polar cap edge. The apparent flow from plan,.tary astronomers as reeurrcnt white, clouds
nortl,'ast t. smfihwest revealcd by the chmds is con- (,Ref. NIX-10). These phenomt'ua will be treated iu more

detail in a later paper: hen, we discuss briefly the news_st,'nt with the ttow direction expected nt'ar the cap at
ol,servations. Attempts to photo tr,raph these britt,htenin,e,sthis ._.as,_n: sublimmc_, C() should _t,nerate a mass mlt-

tlow whi,.h would he deth'cted t_,ward the west by the early in the mission were sevt'r_'ly hampered hv the ob-

c_,rit_lis |ore,'. The oecurrt'nct' o1"ehmd_ in the vicinity of seurin_ 'e,lobal dust .storm and by unfavorable orbit _.eom-
the m)rth polar cap dm'in_ ,,pring and summer eont,asts etry. Nt'vertheiess, I,ritr.ht,,nine.s were observed over Nix
with an al)s,,uct, of identifiable chmds over tit,, south ()lympiea and over the southernmost ,,f the thre, major

aliRm'd ealderas in Tha,'sis ("South Spot"L "I'h_.pictures
polar cap at a s,mtt,wh,tt later summer season when the confirmed that these I)rightenin_s were dit[us,' eloud_
Marim'r 9 m'l,ital ,_bservations Iwt_an. This dilference _Ref. X1X-1). In one ease relatively distinct cloud
=m:y Iw related to the _r,'att.r almndanet' of water in the elements casting distinct shadows were observed _wer
alm_,sl)h,,re at this s,,asm_ tRet. XIX-9). The e,mq_osition the ealdera thmr of South Spot. Th,, shadows indicated
of the clouds seen in l;i_ XIN-7 is tmknowu, however, a aloud h,'ight of 5 to l0 kin, too low for CO.. eomh'nsa-

ti,m at this latitude, and the chmds were inf,,rred to b,.

A r,'markahle atmospht'rie feature related to the cap water ice, as suggested I)y Smith and Smith (Ref. XIX-8).
can I,t, seen in Vi,tr..XIX-8. The long streaks near the

terminal,u" curving fr,)m north toward the west are The chan_in_ orbital _,eometryafforded an opportunity
coupled with a general haziness north of 45°N, which is to obtain syn,)ptie coverage of these features during th('
very unusual in th,' extended mission pictures. This Imzi- aftcrm)un late in the ('xt('nded mission, As Earth-based

ncss is indicated by an albedo em'iation near 45°, by data had shown that these features be_in to hri_hten in
partial obseuration of the surface features north of that the early afternoon and continue through the afternoon,
latitude, m'd by the irreKular shape of the terminator in several sequences of pictures were planned to take ad-
the same latitude belt. The streaks may be due to con- vantage of this viewing opportunity. Analysis of the
centration of the outtlow from the cap into a relatively Earth-l)ased data by S. A. Smith at New Mexico State
narrow jet. If so, it is unlike anything known in Earth's University indicated that th(' northern-most aligned cal-
atmosphere. Thi:: is the only time such a feature was dera ("North Spot") and Nix Olympica could be expected
observed by Mariner 9. to be especially active during this season, and these two
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Fig. XIX_B. Wide.angle mosaic showing strsaks related to the north polar cap on revolution
478 (see Fig, XlX-1). Brightness data for this picture have been divided by a factor propor-
tional to _", ", where _,, is the cosine of the solar incidence angle, in order to reduce the large-
scale solar illumination variation. Portions ot the scene near the Iowa." left and over part of

the polar cap show vidicon saturation caused by high illumination levels. (MTVS 4295-71,
DAS 12874573; MTVS 4295.67, DAS 12874503)
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t, .,tin, _ x_, t, ,, h'_i,d hn" mh'nsiv_" c.'ovlu'azc., lh'_ult_ c_'rm'd, tin ehmd_ castin_ th_'s_' qlad_x_n .qq_',u t- I,. [!

.tll,pn I.qdl_,] If,,- |_l, _" ' ]1' , .... ,m. ._om_'"_0to 30 km ahem' ll,,.. _m't,l_'_. which h, ',l,,. r_'_i_.k

is rclatiw,ly low (surtace pre._.,,u,'e _n,ah'r tl,,m 5 ml_. _

"ll.' tn,t .dh lllI'_)ll"_i_'\ _, {It NIX ()l._mpi_a dinin2 tl.'
,,\l_.ml_'_l im._l,m _.L_ _d_tmm'd m_ r_,v_luti_a_ -IT,9 trom The exh'nded mission al,,o pr_wid_,d an _ppm'tmfit_ t_t

.m,di_tml,'_i Ig.llO_) km Ilq_, XIX-0,. In this pietnre, the observe Nix ()lympica in mid-morning, l:i_ur_, Xl.n..j "

_,'.l, _t_ qd_. ,,t the, _warlmwnt ,it the base _[ the mmm- i_ a wide-an_h' picture' acquired m_ n._oluti_m -l:2']

I, I,uu ,_n,,_ ' , ,m 1., _,_,n mar the" t_,rminator. E'_teudin_ a nm_e. of _3011 km _"',t. the cald_'ra ,_t almut : ,.m. _,-,
, .t_'_-.. thi. r_,'.,i,m tmv,n'd the urath ,rod re'st ha" about local time. The marked bri_ht_,mn_ ,rotund tl., n,'_th_,ru

, IIHIIIkm _. ,m .u,'._ ,_! rath,,r faint chmdim,_s. The circular and eash'rn t,searpments of tlw xolcand_ ha,e m,,v b,'

._ I,._,dm'.' _t th,' m_tlyin_ t'lm_d'_ and r,td_al stn'akiness su_- due t_ atlnospheric sc,attcrin,A but it so. it is m,.exp_, h'd

_, ,I tl,at tlu. _hmd sxst_.m is H_n.adm_ m_tward from the at this t'arh time ot day. Alterm_tivelx'. tl,_' bri_hteuin_

, _,dca,,o.._h.tth_ of ._ome of the' cloud bands can Iw dis- may be the result el: the photometric prolwr_i_.s ot the

i

Fig. XIX-9. Wide.angle mosaic of the Amazonis region (see Fig. XlX-1), on revolution 479,
showingthe clouds over the west of Nix Olympica. The arrow marks the scarp at the base
of the mountain. Data for this picture have been divided by ul', ': to reduce the large.scale
solar illumination variation. Parts of the scene near the left edge show vidicon saturation.
(MTVS 4295.119, DAS 12909993)
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Fig. XlX-10. Wide-angle view of Nix Olympica in mid-morning, on revolutuon 423, showing
brightening around the scarp at the base of the volcano. (MTVS 4288-91, DAS 11657070)

matvrialthatmake.sup the c'lilfbase.materialwhich is The hri_htenin_isob_min_ _urlac_.dvt,ul_,indkatm_

lm_imblv much less cml_alidah'd than that makin_ up that it i_ din, to cloud_ c_rh_. it i_ al_o _mflim'd tc_ ll,'

the Itanks of thv mountain. The photometric an_h,s at Imver slopes of the volcam_, and i_ _tmn_b." vou_traim,d
the picture, center are' phase, al.3;: mcideuce. 293:: b.v tolm_raph.v. Fi_un, XIX-I a show, marked I_n_htvnin_
and emissum. 21.6-. Certainh" not all the bright slopvs around Nix Olympica Ilm'al time I-t:U(ILparticularly cwvr
are smm',u'd tacin_ ,theshadmv_ within the ealdera are the western slopvs. Sm'iacc &,tail a_ain i_ ohwmed hv
the hest ri_ual _uide m the Stag din,vtionl, lint at the the chmd._,which are _tr.n_l.v c_m_trau,,d lw the b_p(_-
Im'_ent an inh,rpretatim_ _I the bri_htenin_ a_ an atmo- raphy and confined mainly tc_tl.. Imvvr dC_lU,_.In the caw
_pheric l_]Wnomemm is unconvincing. If. howew'r, further _)INix Ol.vmpiv.u hmw,vvr. _meral di_hm.t chmd_ c,m lw
•a'.valvsis point_ in this direction, the atmospheric seat- seen over the rim ol: the calch.ra e',tendin_ in m'cr tl.'

torero, presumal)h' condcn_atcs, must be very low to con- eahh,ra lhmr. The_e cloud_ are lwtter deiim'd and mow
hn'm so well to the surface top_raph.v, sharply hounded than the diliu_, c'hmdim._ _mthe mm'r

shapesof Nix Ol,vmpiea m" Xm'th Slmt. "l'h,, _cah, _I tlw
l:i_ure XIX-:2 is the fir._t._ynoptieview of the Amazop.is- imhvidual elements ol thi_ cloud w_tcm i_ lar,.e: indi-

Tharsis region acquired on revolution 5a8. Distinct vidual element,; are l0 to :2()km in diametvr. N_ deludt_,
bri_htenin_ appears near each of the three aligned eal- shadmvs have been identified as yet in the narrow-on,h.
deras and Nix Ol.vmpi-'a. with the strangest bri_htenin_ pictures of Fi_s. NIX-11 or XIX-I a.
on the west slopes of Nix Olympiea and Nm'th Spot.
Fainter In'i_htenin_z also appears over Arcadia. and over The final pictures ,,r tht, missim_, takvn on two _

a part of the canyon system near Tithonius l,aeus. The quences 5 days apart durint_ mid-()vtolwr, im,hMed addi-
nature of the hrightenine, s is unclear from Fig. XIX-o, but tMnal pictures of the Tharsis and Nix ()]ympica re_zions.
two narl'mv-an_h, pictures taken at this time are more re- On each sequence, pictures were scheduh'd at intervals
vealint_. Figure XIX-ll is a narrow-aortic picture showing durin_ the aft_,rnoon in order to study the diurnal he-

the west slopes of North Spot (local time is about 16:00L havior and to look for dav-tc_-day '_han'_es. A_ these pie-
,,,

292 JPL TECHNICAL REPORT 32-1550, VOL. IV

1973023947-303



I_ I' iii ir

I

tm_'s wen, acguin'_'d onk re_.entlv, they have a,s vet r_'- _raph_e control ot the. maim" bright _'l_m_{_\nb,ms The
ceiv_,d only prcliminar.v pro_'e._sin_, a_,d only two oi: the id_,ntiiic_tion _i: lh_' ch_uds _<'_'n o:_ thi_ r_'_>luti_,_ _

lhn'h'cn lfi_'tux'e._ acquired will l_e i)rc.sented and dis- wab,r ice ha, been cnnlirmcd l_v the inlrar_.d iut_.rl_'mm-
cu._.',_'dher_'. _'b'r spc_'Irmn_'ler d_.ta.

Fi_m'e X1X-l:'_a. tak_'n _m rcvnlution 6";5. has Sm_ and l"i_nr_, XIX-14 i_ a narrow-.m_,h' _i_.w ot X_rth Sp_t

vi_,win_ 5_.omt,trie; sindl,n" to tho._e _f |;i_. XIX-2. The taken t_t td_mK the same tim_'. Thr t_q_raphic e_nlrol

h_r'_d time is :d_ont 13:3(_ at Nix OI.vmpica and abont ot the' _'lm,d sxstem _s app:u'enl, but intel'n;d strnehm' is

In 50 at North Spot. The bfi_htenin_ appear in almost al._o _h_wu. The, struc'tm_' r_,_,mbh,s c.onvuc'tiv_, _._,II__I ,,

pr_'_,_s_,IvJw _m_e l_c.,_ti_ns _s _m the earli_'r r_,v_flution, r,_ther lar,_, _,,de I_d_ont ]tl kml _md _.m_' t_,nd_,ncv lot

but ar_' smncwhat more inh,n_e amm_d both Ni,_ O1._ml_i_.a ali_nm_'nt or" the ch_nd cells in au__,ast-west dir_'cti_m.

and Xorth Spot on the lab'r revolutioI_. Smith and
Smith (Rrl XIX-_ had _h_wn l:rom l,arth-based dat;_ The s_urce _I: w,_trr h_r th_'._e n,o_rr,nt cl_nd._ i_ m_-

that incrt'a_in_ a_'tivity _ff these f'eatm'es was to be ex- known. [,oc:d le_as,,in_ of water ab_orl_,,i in the' ul)l)er

pccted dm'in,z tl s_,ason. Two fe_tm'_,_ appear in Fi,_. h,w c'entimeb'r.s _f the su"f,_ce mah,rial is ()ii(' po_dfilitv
XI\-13 theft were absent in l"i,_. NIX -a. A series of linear (Ref. XIX-]IL \Vater de_m'b_,d h'om lhi_ upper taxi,,'.

bright streaks north_'ast nf North Spot trend northwest- which is subjee_ to the dim'hal therm_d waw., reich, or
._outh_,_u_tin a re_ion in which _here are no known topo- might not he r_'pl_,nish_'d in part hv _ome upward flu\ of

_raphi-' iealures, although the features appe_n' to be juvenile _,':':.,'r h'om below. In eith_'r e_t',e, the vole.ante

t_l_o_r,qddcall.v c,c_ntrolled. Tlw bright_,nin_ near the ,_m'lac'_'mate,hal lo¢._t¢,d h_ lh_, cloud re_io,_ m,Lv he a l,_:r-
_._mvon ._vstem in Tithonius l,ac.us, which is more intense ti_,nlarly e,ood _dso,'be,' -Rc'f. XIX-] I). I)e_a.ssin_ mode,Is

lhan that shown in Iri,_. NIX -a, includes some linear _',di for expulsi(m oI' v,,,._:.r f,'mn the _round e:_c.hda.v .so

bright p,_t_'he._ that prob_d_!.v correspond to part of the d_atth_'s_'a._onaland :limn;fl repetition of the phenon_,non

c,myon l,see Fig. XI.X.-13b)...\ga:n, there is stron_ to,_o- requires daily rel)lem._hment of sm_dl amounts of w_.ter (at,
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Fig. XlX-13. (a) Wide-angle view of the Tharsis and Nix Olympics regions showing brighten-
ings on revolution 676. Note the brightenin_s near Tithonius Lacus (lower right). (MTVS
4298-82, DAS 13502983). (b) Orthographic projection key map for (a}; brightenlngs are
shown by shading,

I
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Fig. 111-14. Narrow-angle view of North Spot, on revolution 675, showing convective

i structure in the brightening region. The caldera is in the lower-right corner. (MTVS 4298-78,DAS 13502983)

ice _tll haxt..m cmis,witv o[ ,rd,.r umtv ill the thermal ('_! A faint siwlf ot_ bri,,,htnc m'ar °Okm in hcit_ht.

inlrar¢'d r I{,,'i. XIX-17k l:h'eau,,e of the Imp-volume heat which may"correspond to t e top of the couvt't,.tivc
cap,lcilx _I the \|ars atmo_ph,'re. ,ud_ an c[[cctivc ther- laver.
m,d r.uliator _mild e,p,ilv stabilize Imth the lapse rate and
vertical ehmd _rowth. The or,_raphie-c_mvcctix,' cl_ud _:'_)Conden._atc clouds over ltella_ in tile early mornin,.z,.
model cau explain tilt' chmd diurnal Iwhax ior: hoth h_rccd
uplift and thcrm,d convection wouhl be _tron_est duriml _4_ \Vave clouds over the south polar re_ion t50 ° to
flu, afternom_. This model is al_o c<msish.nt with the sea- 60:S1 indic,:tin_ stron_ west to vast winds.
sonal cloud behavior. The cloud_ are ol)_erx'ed to occur

when tilt, umisture co_tt.nt o1"the atmosphert, as a whoh. _5) Faint wave clouds ovcr tlu, north i;ol,:r cap, proh-
is _reatest. Pos_il_l.v all dm'e factors, oro_raphie uplift, ably composed of water ice, and indicating north.
convection. ;rod h_eal degassin_, may be m'eded to form east to southwest ttow off the cap.
the ,d_served ch_uds.

(6) Clouds c,cer the major volcanos and Tithonius Laeus

which show remarkable repeatability, stron_ topo-
D. Summary graphic control, and, in some cases, evidence for

The extended mission provided seasonal coverage data COliVt'ctive structure.
from northern sprin_ to early summer. Among; the most

imp,:rtant atmospheric phcnonwna observed I_y the tele. Additional analysis of the synoptic sequences oxer the

. vision canlt'ras were: Tharsis, Amazonis, and Nix Oiympica rel_ions may clarify
O) llemarkable atmospheric clarity at this season, the cattse of the cloud occurrences there.
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XX. Atmosphericand Surface Propertiesof Mars Obtained
t

by Infrared Spectroscopy on Mariner 9
!

B. Conrath, R. Curran, R. Hanel, V. Kunde, W. Maguire, 1
J. Pearl, J. Pirraglia, and J. Welker _"

GoddardSpaceFhghtCenter,Greenbelt,Maryland20771

,i T. Burke
Jet PropulsionLaboratory/CahformaInstitute of Technology,Pasadena,California91103.o

The infrared spectroscopy experiment on Mariner 9 permits flexibility in designin_ methods of interpretation
obtained data over much of Mars during the almost and allows analysis of unforeseen phenomena. The latter
1-year operational lifetime of the spacecraft. Thermal was well demonstrated bv the significance of information
emission spectra have been recorded by the Michelson extracted from spectra obtained during the unexpectedly
interferometer from 200 to 2000 cm"_ (50 to 5 _m) with v_olcnt dust storm.
a spectral resolution of 2.4 cm -_ in the apodized mode

of data reduction. The spatial resolution corresponds to The scientific _oals of the infrared spectroscopy ex-
a circular area of 125-km diameter at periapsis and ver- periment, as established in advance of the mission, have
tical \iewing hut changes with spacecraft-Mars distance, been discussed (Ref. XX-1), a description of the Fourier
A noise-equivalent-radiance of 0.5 X 10-: W cm -=sterad-_/ transform spectrometer _lsed in this experiment has been
era-' has been deduced from the repeatal_ility of the cali- given (Ref. XX-2/; and first results and interpretation of
bration spectra taken periodically from deep space and the data up to May 1972 have been published (Refs,
fi'om a built-in blackbody. The calibration spectra also XX-3 and XX-4). This section contains a report on the
indicated constancy of the responsivity of the instrument analysis of the data carried out from June through Octo,

between prelaunch tests and end of mission, ber 1972. Because the data analysis is far from complete,
this section is primarily a progress report on ongoing work.

The scienti_c objectives of the experiment include the

interpretation of the thermal emission of Mars in terms :!
of atmospheric temperatures, wind fields and dynamics, A, Carbon Dioxide and Water Vapor
surface temperatures, surface pressure and topography. Transmittances

mineral composition, and minor atmospheric constituents i
including isotopic ratios, as well as a search for unex- Fundamental to the quantitative interpretation of -
pccted phenomena. The derived physical parameters also planetary emission spectra is a precise knowledge of the
may be pertinent to biological investigations. The avail- transmittanccs of atmospheric gases prc_ent: in this case

ability of a large and contimmus portion of the spectrum primarily carbon dioxide and water vapor. _',,
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In ,Idditicm to proxidhl_ tin. basis tiir ,mak,.is _)t axcra_cd to)reduce thr r,md_nn noise t_),q>pmximatcl.x

-- ,:t,i,,,,,-pb.,'rich'mp_'r,dur(.s and surf,tee pressure, the (;() l , lU "_," cm - sb.r,id-_/cm'. "_Vhilethis noise-cquivah,nt-
tr,msmittanc('s ,lint) art. r('quircd t(i _'stimah" is(fit>pie r,tdi,mc(' is ,tpproxiluat(,l.v md('p('ndent _)f w,i_'mmdn I, I""
.d)-n(!,mte_ of (arbol_ and ()\x_(.n, and to ,tth_w idcnti- thr c,)rr,'H_(H,din_ i.ns('-e(luivah'nt-tcmprraturc Valic_
licati(m (_t ()tl.,r _,i_c()u. c()nstitut'nt_ in the Hx'ctral fi'()in h.x_ than ().7-'K ,:t 3(10 cm-' to less than (I.I"K
r,m_(, c.v(.r(,d l)v the instrmn(.nt, lh'lincmcnt (:I the C() at 8(I(l cm L to h._ than 0.6_K at 1600 cm-L

tran_mitt,mccs a_ ,i f,.mction o[ w,wenumbcr, t('mper-
ature, and l)rex_ure has conti,med, in order to assess the The, :2(K)to 5fXI cm ' and the 5(1(Ito 8f_ cm ' re_ions.

i validity (ff the thcort'tical tr,msmitt,mces and as a check respectively, of the art,rage measurcd hri_htne_s temper- .
on tin' intcrn,d c()nsi_t(.ncv _;f the techni(lu('s uscd for ature are comp,tr('d with thcort'tieal spectra in Fi_s. XX-I

; thr retri('v,d ot snrface prc_sUrc and atmosph,'ric temper- and XX-2. The thcorctical spectra were computed usin_?
,, afurcs, a synthetic .Martian spectrunl has becn calculated the surface pressurp and vertical temperature profii,

i usin_ a lint.-b.v-line integration technique I11('f. XX-SL rctrieved from the radiances in the 668 to 750 era-'
M,h'cular abs()rption hv CO_. and H.O is included in re_ion and a total water vapor content of 10 prccipitablc

' this tl,coretical model. The computed spectrum is based micronwters ;is deterr, fincd from the H.O lines in the
(m :t ,()lution of the equation of radiative transfer and 250 to 325 cm ' region. The H:O line parameters were

i uses th.' _nrf,ice pr('ssnre and tcmperaturc profile derived trom Benedict and Kaplan in 1967; the CO.. parameters
i [r,)m _ortions of the same set of spectra for which the were _enerated from band positions and band stren-,ths
a c(),lq_,trison is made. Because the operational computer ot)taincd from Benedict in 1970 and fi'om Dravson (Ret.

l)r(_l'am tllat derives surface pressure and atmospheric XX-6L Numerous rotational absorption lines, due to at-
trmperaturcs t:_cs a paramcterizt'd form of the CO: trans- mospherie H_.O. are cvident in the 200 to 500 cm-' retdon

inittances, which is not as precise as the line-by-lille shown in Fig. XX-I. The comparism_, of the observed and
intet_ration t('chniquc, small differences between the the theoretical sp:,ctrum shows ,_oodspectral corrcspon-
COml)utcd and the experimental radiances are expected, denee between the known H:O lines, even for the weak

,J Use ()f parametcrized transmittance_ is dictated by the lines in the re_ion of 500 cn,-L No unidentificd or auom-
great expense in computer time required by the line-by- alons fcaturt,s are evident in this spectral interval.
line integration mcthod for processing individual spectra.

Stron_ molecnlar absorption by atmospheric CO., ap-
Observed spectra were chosen from revolution 174 pears between 500 and 800 Cln-L as shown in Fig. XX-2.

near local noon and near the' sub-solar latitude to maxi- Several of the strou_est CO., bands for the five most
mize the thermal contrast, therel)y enhancing the ap- common isotopes art, listed in order of descending band

pearance of spectral features. Eighteen spectra were strength in Table XX-1. The band strengths for the iso-

28o,_ i _II
' . SYNTHETIC

i l , _l OBSERVEDJ

u.a

z
-r
o_

240__ __ 1 I I
200 300 4oo 50o 60o

WAVENUMBER_cm"1

Fig.XX-I. Comparisonof syntheticandobservedspectrafor revolution174(-30" latitude,
32" longitude,14:00localtime) in theregionof absorptionbyatmosphericwatervapor.The
syntheticspectrumcontains10 t_mof precipitablewatervapor.
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Fig. XX-2. Comparison of synthetic and observed spectra for revolution 17,_ (-30 ° latitude,
• 32 ° longitude, 14:00 local time) in the region of absorption by atmospheric carbon dioxide.

Numerous Q-branch features of individual CO, bands, superimposed on the strong absorption
by the CO_,fundamental at 667 cm-', are evident in tile observed spectrum.u

I

I Table XX-1. Lower and upper level quantum numbers (V,, V:, V,, ,_) and corresponding

band centers for selected isotopes of carbon dioxide

Lower Upper
h'vel level O'_'C"-'0''; O'_C' sO'_' O";C ':0 '• O'"C':0'r O'"C'sO'"

0{_)1) Ol Ol 667.38 648.52 662..22 664.72 643.49
..........................

O!(|1 0202 667.74 648.87 662.69 665.07 643.96

0111! 1(_11(1 720.81 721, .58 7113.57 711.33 699.16

0101 0200 618.0_, 617,31 597.17 6117.63 601.79

0202 03113 668.13 649.29 663.11 665.48 644.48

0200 0301 647.08 630.72 6.12.12 644.35 624.53

.,_ lOnO 1101 688.65 667.07 683.36 _ 685.95 663.33

,101 1202 683.82 663.24 i 678.73 681.17 659.03

\ 0202 1101 741.71 739.78 _ 724.24 732.21 718.53
I

' ' 02112 0:3Ol 597.37 599.16 i 576.611 586.91 582.36
I

topes have been determined from the corresponding Some of the stronger CO: bands observed in the 667

O_¢'C':O _'_band strength scaled in accordance with ter- :'m-' region of the .Martian spectra are given in Table

restrial isotopic abundances (Ref. XX-7). The very weak XX-2. A search has been made for isotopes of carbon

bands enclosed by the dashed line in the right-hand dioxide in the Martian infrared spectra, but the idcnti-

corner do not appear in the available laboratory CO.. fication of bands belonging to other than the main iso-

spectra, so their molecular parameters are not readily tope is hindered by their rcl,dive weakness. Neverthe-
available. Consequently, these bands were not included less, the O'"C':'O _ hmdamental is observed at 648.52

in the present computations, cm "_, the O"_C'30 's hmdamental at 643.49 cm -z, and the
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Table XX-2. Lower and upper level quantum numbers (V,, V_, of atmo_.phcric ori_iu. Their behavior throughout tht.
V , _.) for carbon dioxide identff,cations in the 15-_m band nnii_,..,h,J,ill,pill s that thvv dr," prruh=ccd })v au ,tbsorbpr I;

havin_ a constant mixiu_ ratio ov_,r the phlm.tary disk. 1I"
\Vaxemu,dwr. L,,wvr L'lqwr l,-h,pc The_c charactern_tics strou-lv su,..,_c_tthat the di_a_rcc-

_m-I h-vel lev_.l (<wC'-m" ,ml_.,. _"
.tl,.r_ _,. li,ted _ mc,lt i_ duc ,.ithcr to an incomph.tc thcoretica[ treatnlcnt

' of C(). or that C(): comlccted phenomena exist. Scvcral
: .'5-t42S 101'0 031'1 additional wcak baud_ ot CO_. are shown il_ Tabh' XX-I

5s1.711 1131,i 11-102 l)eloxx and to the right of the dotted line. Because' most
5t17.34 1,21,"_ (,:3111 tff the anonlalous features arc nearly coincident with

_ 618.,,3 OIO1 02110 thcst, weakcr CO. bands which have not l)t'cn included
643.4q (ff,(lO 1,1111 in the present computations, it would be prcu,ature to

4 6t8.52 ()(frill (ll()l O'"C"O _" spcculate on the origin of thcsc fcatures until the CO_.
'i 662.3:?. 01)(1(, o101 O_ Ca o _'' spectrunl can be eompletcly specified. A revised set of

l 667.3S (1111,,, (1101 O,";GtcO_" C(,)_.lines, includiu_ many weaker bands, is now in prcp-
7211.81 ('11'1 l(l(l(I aratiou.

7-ii .74 11202 1101

757.43 o:303 1202 Thc at,nospheric molecular transmittances employed in
7711.36 11411.t 1303 the algorithms for detcrminin_ surface pressul'cS and

791.45 020fl 1101 atmospheric temperature profiles from the observed radi-
anc-,s in the 667 to 750 cm-' region currently contain two
main sources of error. One source is the theoretical CO.

O"C'-O" fundamental at 66o.32 em"z. The relative ,d.....rption parameters which art' based mainly on labora-
tory data obtained at room temperature and terrestrialstrengths of these observed bamls are in _encra] a_ree-

melt with the corrt'spouding theoretical bands, indieat- pressures. Further laboratory CO.. data, not J_ow avail-
able. should be recorded under Martian temperature.ing the C'-':C _' and O_":O _"ratios [or Mars ate close to

the terrcstrial vahLcs, pressure aud CO_, path conditions in order to verify the
thcoretieal CO_. parameters for the Martian application.
A second source of error in the transmittances is the un-

Bcvond S00 cm-', the observed spectrum exhibits lea-
known opacity of the anomalous spectral features. Thetures caused by numerous weak CO_. balms (800 to 20110
features at 702 and 711 cnt -_ are of particular concern, ascm-'), by silicate dust (900 to 1200 cm-_), and by the 1595

tin-' H:O band 11400 to 1800 cm-_). A comparison with these wavenumbers are close to spectral intervals that
a synthctic spectrum for this region is not made at this are entployed in estimating temperature profiles and

surface pressures.time because of uncertainties in some of the molecular

parameters for the wcak CO.. bands and in the theoret-

ical modeling of the silicate dust. B. Water Vapor Abundance and Distribution

Two rehtted prol_lem areas are appa,'ent from the corn- During the mid-summer season in the southern hemi-

parison shown in Fig. XX-2. The first area is concerned sphere of .Mars, the atmospheric water vapor abundance
with the presence of anomalous spectral features in the was approxintately 10 to 20 precipitablc micrometers
observed spectrum which do not appear in the theoretical over most of the planet except the northern polar area,
CO: spectrum. The second problem area concerns in- where no water vapor could be detected (Ref. XX-4).
accuracies in the retrieved surface pressure and temper- Additional water vapor estimates based on subsequent
ature profiles which, in turn, lead to differences between data show a strong seasonal effect marked by the dis-
the theoretical and observed spectrum in the 500 to 800 appearance of water vapor over the south polar region
cm -_ regiou, and its appearance in the north polar area.

The anomalous spectral features include Q-branch The total water vapor abundances again were deter-
type absorptions at 577, 607, 702, and 711 cm -_ and a mined from a comparison of synthesized and observed
more diffuse feature near 7.30 era-'. Because they are spectra, such as those shown in Fig. XX-1, assuming the
highly correlated in appearance with adjacent weak CO: vertical water vapor distribution was well mixed for the

bands which are known to be formed in the lower scale early periods, up to revolution 120, and decreased expo-
height of the atmosphere, the features are inferred to be nentially with a 5-km scale height thereafter.

1
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Tlw water xapor ahuudmwv_ arc summarized ill the Barker arc marked I)_ the da._lwd linc_ and rcpn'._cnt
h_xvcrthree._'cti_m__Il:i*_.XX-S forthenorthpolarcap. a measurement_Itheentire.M,n'ii.mdi;k.Th,.earl)con-

._ub-._ol,u"lmhtt,a.d _..lhp-l,._.p n'_iou__ith the _lu._ionscouccrnin_theMartianw._tcrvaporwcrv _um-

upper wction ot tlw [i_urc _ho\_in_ thc clas.qc,d polar marized in Ref. XX-4. il
cap rc_rcs'don curx e._."Ihc c'r-s,-hatchcd ,ucas and upper
limit dcsi_n,ttion_, rcprc_cntin_ thc Earth-l)ascd ':Gltcr ),
vapor dctcrmination._ Iron, the 1965 and 1969 opp_sitions. An Ul)pt,r limit to the ammmt of water Val)or that can ].
have Iwcn taken from Barkvr ct al. (liet. XX-SL The lw oh._crvcd is dctvrmim'd by th¢' saturation Icvcl o[ the I
xcrtical cxh,nt of the. cro_s-h,ltch¢.d areas inc'ludcs the atmosphere, which in tm'n is _tronKly controlled Iw the I
E,u'th-lxlscd mcasurcd latitudinal diffcrcnces of water atmospheric tcmpc,raturcs. Typical t¢,mperaturc proflh's I

vapor. For convenience tlw Earth-ba,:ed valu(,_ arc indi- for the south and north polar cap rc_i(,_s arc shown in IIb 1

i cah'd in each ot the _mmn,uy .scc.tkms. The avera._c Fi,_. XX-4 with the corrcHmndin_ planctoct'ntric Iongi- [
abundanccs fin thc 1,q71.-19.2 opposition by Tull and tudc of thc Sun, L.. t

,_ CAP

w

<

o" •, I I _ ;
NORTH POLAR CAP

o.I I I I T I ]

o T-I- .

SOUIH POLAR CAP

I- T
0* - .s l I , _i

90 180 270 360

_.$_deg

Fig,XX.3. Summaryof IItitudlnaldistributionol atmospheric
watervaporwithchangingMartianseason.
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TEMPERATU_[_ °K TEMPERATURE, *K

Fig. XX-4: Temperature profiles retrieved from the 667 cm-, CO. band summarized for the
south polar cap region during southern summer and for the north polar cap region during
northern winter and spring. The arrows near the bottom of the figure indicate the measured
surface temperature from the 400 cm , region of the spectrum.

The three profiles over the south polar cap re_ion cover The temperature profile for revolution 528, correspond-
the last half of a southern summer. The surface pressure in_ to late northern spring conditions, manifests the

was assu|nt, d to be 5 rob. The decrease in atmospheric incrcasin_ solar illumination. The assumed surface prcs-

temperatures bt-tween revolutions :30 and 188 is a conse- sure was 6 rob. A summar.v of surface pressure, surface
quence of the decreasin_ solar illumination in the south temperature, and observed and saturation amounts of

p.olar region as the sub-solar point moves toward the atmospheric water vapor are given in Table XX-.3. The

equator with the passage of summer and of the dust surface brightness temperatures _iven in the table were
settling afwr the storm, derived at 400 cm-L Because the instrumeLat's field of

TableXX-3. Surface and water vapor parametersfor polar regions

Planetocentric Atmospheric Observed
Earth longitude Surface Surface water vapor water vapor
date Revolution Region of the Sun, pressure, temperature, at saturation, amounts,

(leg tub °K 111 /ZlTI

11/2g/71 30 South polar cap 301 5 186 4200 10 to 20

1/11/72 116 South polar cap 326 5 181 99 15 to 25

2/16/72 188 South polar cap 346 5 155 0.7 Not detectable

1/4/72 102 North polar cap 322 6 145 8 Not detectable
8/3/72 52,8 North polar cap 60 6 156 30 30

.:
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vi(.w h_ehlch,sboth trost-cov,,r,.da,d ,_'learar('a_over C. Surface Pressure andTopography
the 1)o1,li" eap_ (Rcf. XX-3 I. these tevnb'(u'atur_._ m'(' vmt I'
inconsistent with a CO_. cap. Surtacc, presst-'t'_ hay(' ])c('u dcrivecl t(11 ulorc than PL

.S5(X) points ou the planet _hel(' _lwc'tra qlow a la,',a(, t!

Tlu'ou(all saturation linlits alone, the ot)selved I_rhavior thermal eontra_t betwe(.n )noah atmo_phuric tumL)t'raturc_

of the .south pohu" cap temperature profilc_ constrains the and soil .sul'tac,, t-'ulp('ratures. Data p,)ints are _rll('rally

late summer atmclsphc,rie water vapor (_.ont,,llt to small spae('d at intelvals of 100 to 200 k,n alon_ the instru- i
amou:_ts. For cxamph,, thc I/ldXillllllll 'd,att'r val)ol content mcnt _round track, tllc selhu-atilm llrtw,'en _rouml tracks 1_

for revolution 18S must lit, less than 0.T ,,m: in fact. water is ;.I.S much as 601) kill• Th(' spatial rc_olution clement of 1

was no lon,zer evident in the spectra cff the south polar each measureu_ent varies trom 125 to °00 km in di,unetcr, i

o"S. approximately two-thirds ]ear. area. On revolution -'_'
through northcrll sprin_, the north polar cap area showecl Tilt' data hal t' bet'n avcra_t,d ovcr areas 5": on ,1 side !

to provide a low-rt..solution pressure nlap of the half of 1

, about °0 to :30 l)recipitab!e micrometers of water vapor, the planet between latitudes of 60: and -- 25 ° qFi,, :which is close to tilt' saturation h've] at that time. Tile "
XX-5) The avt.ra_e surface pre.s.surr ovcr the sampled I

distribution of water vapor at mid-latitudes el'mains quite area is 4.8 ,ill. The highest pressures obscu'ved tal)out
stable durin_ the cntirt' mission. On i-cxolution 261. dur-

Sml)) occur in Hellas and in tilt' lsidis I_e_lo-Amenthes

in_ northern sprin_ over the sub-solar latitudes, the area. Other rc'lativelv hi_h-pressure re_ions (alxnlt 6 rob)

abundance was still I0 to 2(1 pr,.'cipitable micrometers, are Al,_z.vre I and portions of Christ and .Mal'_aritifer

Sinus. The Tharsis-Svria plateau is characterized Iw

Further analysis of the water vapor is expected to pressures h'._s than :3.5 rob. with a pressure of 1.5 nil) at

refine the absolute determination of the abundance, the top of South Spot ( --,9 _, 120 _ I. Even at the low reso-

determine a crude scale height, give a more complete lution of this figure, the great Coprates cam'on complex

representation of the latitudinal and seasonal distribu- is suggeste(1 between :35° and 95 _ longitude. Correlations

tion, and yield some insight into tilt' water vapor sources with other large features, such as the large crater centered

and transport processes, at (--52 °, 82:) ill southern Bosporos, are al,;o evident.

6o 6o

40 ' , b . ',:, -:, ,_" '_ 40
/:• . , ,.. , L - :

_o "_ ' :':' "+.. '_"_,'.'._'.t_"(":"/,,_:o_° _°, "_////_o
'_. _ , ._. ,. _ .' ; '. _, " :" ....... I."" _ . /_/'/ /

_ o . " . "-'._'"" " '._?Y:¢':_', '.:._/"_s ,,, " ........... " / _i

:_ ' " "" ..... "' '", "..... • ""S';;;'. ) 1' _o.,

,.. _ " s5 ,. x,, "_ss ""J _ 7' t'_ ,'i,'.'_"Ji/ ... _o--",, -.\' "--'-----J

/ ) / -- '.-- " ,." ..,,:_; "'1 .' L.v'_,-..,',l,,, _ ,_sY," ,_£i ,.' : : , I ,' " ',
.,.._f _" , ,, .- ,, <.,, , _, ,/ , . ,./c" _ /.. , :' ..,'(-t........_l,1_'¢"_, "._,.,;: ,I.....

_._ ,_/ .\_f ;,. ...,'_.,_, t.._......",_;-'."X..'"..... ,/ '"" .'".....
- v _ ' "-" _ ....'.'".-/i;,&._--" ' "',_, : " " "K:," .,'" ,1 " ,'

' , :, :'+ ;_,', ", I ' ' ' ',' ,;' ' "-:---'" ,' , "

, ,. , ( ¢,_._ . , . ;,, ,_ , , ,

!80 i50 120 90 60 30 0 330 300 270 240 210 180

LONGITUDE

Fig.XX-5. Preliminarypressuremap basedon pressure averagerJover areas 5° on • side. Pressurecontours (in millibars) are shown
overlayingthe feature map produced from Mariner 9 television pictures by the U. S. Geological Survey. Contours correspondingto
Integer pressurevalues are dashed, and those correspondingto half integer values are solid. Dotted portions of the contours are
interpolated acrossdata gaps.Accuracyof the pressure determinations is 10 to 15%.
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.Martian topography can be ohhfin_,d lrom the sm'faee Iwcu'd m by 10 to 15,q-. Prv_sm'e variatious C.ml_Cdhx
lm,S,surv distribution by useolthe haromctric law. "l'_po- tidal motiou_ in tlw ahlmsplwre, tu % discuswd bclmv,
_raphic maps ot th'lh,s and t}.' TL.USlS area, bawd u. intrcMuct, .t l.ltitu,l,,-d_,p<,ndvut <,[h,ct "ff lwrhaps 10ci

i an atnlo.sphtric sc.ah' lu'i_ht or 10 km and a zcm h,vcl at in tlw an,a _amph,d aml must Iw iiMudcd. The VI-km
the 6.l-rob tr:ple point prcssm'c oft watel', have been .wah, h_,i_ht us<,d in cunxcrtin_ _mtace pressure to trine-

: published ll/et. XX-41. A .qmil,u" il_vesti_ation o1: the _ral>hic',lltitudes must b_,rclim'd by mh'_ratint_ dmvn tlw

Coprates c',uLvon (!;i_. XX-6) .su_,zests that the canyon actual atlnospherie tcmlx'rature profih's, which are also
d_cs not dope tlnifornlh' dox_n trom the, "l'harsls ri¢l,zc to ohtaiut,d fl'oln the IRIS dat.t: an incr¢,.Lscill the avm'a_e

i Chr.v._e, hut that it has a lot.el low ar¢'a in tlw enlarged .wale Iwi_ht lw ahout VF; will result, h're_ularitics in
rc_irm Ix'twccn 7(I° and 75 hm_ltude, Bt'fin'e this can the Martian _ravit:_tional field t l/of. XX-9) will al_c>con-

i be cunclusivch cstablMwd, ht>wcver, the fac.t that the tribute minor systematic eih'cts, amounlin_ to shifts ot
instrument fMd ot view includ¢,s eontribution._ fi'om the on the order of ]. km in the _¢'opotcutial surface to which

i CalWOll rim llltkst b(' considere,1. Nevertheless, at ( - 10.6°, topographic alhtudcs are rek'rred.t

70.0"} the c,my¢m bott+m_ lies at least 5 km below the
I

sout|lurn edge of the canyon riln.
D. Atmospheric Circulation

Several systematic etLccts arc Ix,in_ evahmted which T, nperaturc profiles obtah]cd from Ineasuremm_ts in
will affect hu'ge-seale topographic luappin_. The theorcti- tl_ .67 cm-_ CO,. bands have been employed in the con-
cal CO: transndttanees from which atmospheric opacity struetion of semi-global temperature fields from which
and totvl CO. amou,]ts are obtained are l)c,in_ finalized; 1)relin]inary estimates of large-scale winds durint_ the
ehauges to the preliminary map in Fig. XX-5 are ex- ,:rear dust storm of 1971-1972 were made (Ref. XX-4),

INSTRUMENT

_/_r k FIELDOF

o

(-5,90_ (-Ix,5.
501

O
o o

o" o
• O_ • ..... o _"0 "0o

Fig.XX-6. Preliminarytopographyin Copratescanyonregion.Upperportionof figureshows
configurationof the canyonbetweenlongitudes500 and 90°. Data pointschosenfrom
severaldata are indicatedalongthreeline_closelyparallelingthe maincanyon_.tructure.
Lowerpart of figureshowstopographyalongtheselinesas obtainedfrom pressuredata
usinga lO.km scaleheightandan altitudezeroat 6.1 mb.Thedash_.dline liesoverthe
generallysmoothterrainsouthof the canyon,andprovidese measureof the overallslope
of the region.Themaximumapparentdepthof 5 km is at aboutIongitade70°; correction
for instrument'sfieldof viewmustbemadebeforethiscanbe conclusivelyestablishedasa
localminimuminthecanyonstructure.
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In th,tt _cnk, tht' ,,nrt,tct. prt._urt. ,va,_ a_tnut.d tc_ b_' l,th, tilt. h_'at input l'U(lllil'(.'(l t,._ I_t' t'_n,i_tt.nt \\_th the' )
t'Clll'-,t,lllt. ,,lll|,t( (' _li(. timt and c_r_r,t|_hic t't½ucts wt,re ilot dt'll _,i'd motiml.', ,rod td_,,er_ t'tJ t_'llqwr,ltnrc ,. ._l,tn_ ,q_- _

; mt-ludt'd, and u_Hdiut.,n" tc.rm_ iu tilt' hvdrt_dxmuuic t'_ltl,t- l)Foxiln,ttl,';tl_, " _'r,,' m _d,, t,_ r_,udt.r tht' hx dl't/r.l',.ll,tllllt

titm_ x_,r_, nt._h'ctt'd. The, l,tr_t, diurnal flut.tuations uquatl_n._ tr,tt.t,tbh., includin,2 lint',u't/,ttion, thc' i_._lt,c.t

OIl_',t'l'\ ('fl ill tl"' tt'_n['_'l',ttnl't' .gt'ld._ impl._ tlw ¢.xi_tt'i,ee ot ot .',m Ltcu tri_ti_n and o_o_r,tphit _'itt _..t_,and tht, a_ump-

: _tron_ tid,tl _.th'ct, which t:.tll al_l_r_'ciablx ,dtt.r th,' near ti_n_ tit _ liut',u d.uupin_ h,rm w_th ,t 4-day tim_' t.,'m_t,mt.

sl.n't,l.c.t, x_iu(l_: t.on_t,tlut.ntly, tl_. ,_,cond stt,p in a cma- \Vith tht'_. ,q)pro\in_,ttion_. tilt, d\"n_tlnit: _.qu,ttic/n_ x_,rt. {.
tim_in_ amdxnin _t tlw wiud fltqd, has bt't n tht' incr_rpo- rt,dnc_.d to ,hi ild_3nlo_t'nt',mL'_ tld,l.J t'(ll.l.ttloII |t:r tilt.

, r,lti_n ot t,lal tl,'_rv into tht' calc'ulatiml_. "l'id,tl tht,m-v surface, pn'_surt.. S_lut_ml tlf thi_ ¢'_luatim" 3ieldt.d th..

; tn'at_ the h,umm'itall\ \,u'_in-, , part oE tlw plam,tary ._urt,_ce pr_'_ur_, fit.ld which, ....' _z¢ with tht' tt.mlwr,-turt,

t.irt'ul,tti_n, l,l,in_ into at.t.t_tlnt .,,urfact' [)l'e,_,tll't , _quctua- fit.ld, w,t_ _l_t'tlin tlw ll/Olllt'llttlll| t.qu,ttions to t.alculatt,
tion_ but ne_l_'_tim_ nonlin_.,n" t'|lt't.ts, sm'|a.c't, friction, the t_t|,t[ wintt._.

and te_pt_,,mtphy.

Tht' calcul;'t_'d _mtac_, prt.s_ur,, fit.!d d_ri_ the, _reat

,\_ in the, prev_tm_ rt.port, the' _fl_,rvt,d h'mperatu:'t" ttu._t _torm i_ _hown in l:i_. XX-7. l)iurn,tl tid.tl pru_surt.

{it'kl w,t4 modt.l_,d uqu_ ;: _ph_.rical ]l,trnlollio rt.pr¢",;t,nt,t- th_c.tu,_tim_ art. found to bt, ,q_l'_roxim,ttt,ly 12% {_t the

t_on con_i,tiu_ _t two mt'ridional }_,trmoniu._ t'ach for _lr_h,tl ,lV_'rL_' _mfact' i_rt's__ttrt.. q'ht' m,t'<immn ,unt_htudt'

_,onal w,tv_,mmdx,r_ z_.ro and one. In this way, tilt, occur_ at :t latitudu al_pro\im,ttt'l 3 h,dt-wa.v lwtxxt.t,n tlw

tt'mpt'r,_,ture fit.lds \Vt'l'(' -'\trapol,_ted into thost' rc_ions _,qu,dor ,rod tilt' I,t_tlldc o_, the m,tximum tt'ml_t'r,_turt'

for _hic'h no din'_.t mt'a_ur_'ment.,, t,xist, l_rim,trilv in the ttuttu,ttion: in t]w abst.,'-._, of damping, the m,t'dmnus

night hemispht'r_'. Tht' vt'rtic,Ll tt'mpt'r,_tur_' structurc was l_rt's._tn,. ,uuplitudt's wm'ld tlc.c.t_r ,dmo_t on tht' _'quator,

inclt_dt, d Iw u,in,2 altitud_'-dt'pt'nd_'nt co_'ffk'icnts for tilt' Tlw t)l'(..,.,,tll't, llllllllllillll (}t'tl.ll'_, i,_ l()t.,tl tim_' _'_',t; It,'

lmrmonic tt'rms. Tlw rt.sultin_ h,mperature model was t_.mp_.r,dur¢' tn,txinmm, hut with ,t h_ht la,g causcd by

u._cd to _,xalu,_tt' tht' drivin,2 term_ of tht' hydrodynamic' tht' d,Lnll_in,_.
t,_luations. Unlikt, mort' cmwt'ntion,ll calculations which

_,lnploy the h_,at input to tht.._vstt,m ,t_ tlw th'ivin_ a_cnt. Nt',tl'-,_tll t,tt.t, _._.ind_ oht,tm_'d [mm the' t',ticulation_ ,m.

tilt, llrt,.,,tglt wind calt.ulation_ tlo i_ot make u_t' of the q_n m lg_, XX-,_ and ,_,tin in |q_. X.'_-,tJ ,l_ vit,x_t,d

t'n,,r_.v t'qu,_.tion dir_,ctl.v: in.,,tt',Ld it can bt, used to calcu- h'om tht, polL,,,. Ct_ml'_ari._ot_ ot tht,se rt'.,,ult,_ _ ith tlw t,,u'lit.r

90 _ I i I I l I l i l 1 I

J
60

5.75

5.50

30 _ 5.25

- 5.00

4.25

-30

-t_-,O ,,

-9c . I I I I 1 t _ I I I I
0 6 12 18 24

LOCALTIME

Fig, XX.7. Calculated tidal surface pressurecontours. The surface pressuresshown are the ,
sum of the diurnal tidal pressures and a latitude-dependent seasonal pressure field. The
pressure is expressedin millibars, and the average surface pressure is 4,8 rob. Topography
and surfacefriction are not included,
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Fig. XX-8. Near-surface winds during the great dust storm. The wind field, just above the i
surface boundary layer, is generatedfrom the measuredtemperature field and its associated
surface pressure.The amplitude is indicated by the scaled vector.
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Fig. XX-9. Polar plots of the wind fields of Fig. XX_. Winds are shown from the poles to
within 10° latitude of the equator. The magnitude of the wind velocity is indicated by the
scaledvector. The dotted line indicates the positonof the terminator.
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calculations indicates that inclusion of the surface pres- refractive index ot the cloud material, tilt, p,trtich, siz¢'
sure fluctuations almost rt'vcrse.s the near-surface wind distribution, the number density as a function of height.

direction. Hox_t._ci, the la_,-,,l_,,l,,,t win'A ........ re- and the atmospheric temoerature profile.
main cssentialh" unaffected. Convergence and divergence I',

of the horizontal x_-inds _enerate vertical winds which In first tests of thi_ ra(}del, the particles were assumt,d

cause a diurnal partial oxerturuin_ of the :_tmosphere in to be quartz spheres of xarious diameters. A_reement
addition to a seaso, al meridional circulation. The magni- with thc measured .Martian spectra is not expected to bt"
tudes ot: the winds sh, cn in Fi_. XX-8 near the equator _ood because the dust is not pure SiO_. l(luartz'_ nor is it
arc highl.v uncertain because ot a strong dependence on composed o[ spherical particles distributed over a narrow
the amount of dampin_ used and possibly also on non- range of particle sizes. Some qualitative conclusions can
linear terms which have heel; neglected. Large-scale bt' reached, however, even though the present computa-
topograph.v may significantly alter both the magnitude tions are primaril.v a test of the method.
and direction of the winds at all latitudes. An effort is

i currently underway to include in tl,e caleulatious topo- Quartz was chosen because its complex refracth'e index

"' graphic informatior., derived from the surface pressure tFig. XX-10_ is well known _Ref. XX-10). The Mie _
mapping rt_ults, theory was assumed "o apply, and rectangular particle ,,

size distributions we" . chosen with mean radii at 0.1. i. 2.

4, and 10 _m. Io order to obtain smooth solutions, a --

• E. Atmospheric Dust width-to-mean-radius ratio of 0.1 was employed in all
five cases. Using these distributions, the scattering and

An estinaate of the approximate silioon oxide content absorption cross sections were calculated in a nmr,ner
of the atmospheric dust cloud has been given (Ref. XX-4). similar to tlmt of Peterson and Weinman LRe[. XX-11)
To help define the properties of the cloud particles, a for a birefringent material,. The cross scct;.ons are shown
radiative transfer model is being constructed which in Fig. XX-U for particle sizes of 0.1/_m and 10 am. The

allows the computation of the emission spectrum of a dominant interaction changes from absarption to scatter-
cloud, between 200 and 2000 cm-_, given the complex hag as particle size is increased through this range.

!

/// ,
6- / 1

c 4

2

o J I'JI I l ""_ I I I
2OO 60O 10go 1400 1800

WAVENUMBER_¢m"i

Fig. XX-ZO. Complex refractive indices of SiO_ in the infrared. The real part of the refractive
index is Indicated by n' and the imaginary part by n', Indices for the ordinary ray are repre.

sentedbysol;dlinesandtheextraordinaryrayby dashedIir.,as. !
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Fig.XX-11. InfraredcrosssedionsforO.l-_,mandlO.O-_m-radiusparticles.The absorption
crosssectionsareindicatedbydashedlinesandthe scattering_rosssectionsbysolidlines.

!

Next, the wavenumber-depenclent latios of the total the dust in the atmosphere and the emission from bothinfrared optical depths to the visible optical depth (at the |ower bounding surface and the dust particles.
20,000 cm -_) were evaluated. Results for three different Results of the radiative transfer calculations for five

pa:ticle sizes are shown in Fig. XX-12. It can be seen particle sizes are shown in Fig. NX-I:3. For these calcu-

that the smaller particles tend to interact with the infra- lations, the surface was assumed to be a_ "_temperature
red radiation field less efficiently than the larger particles, of 260 K, the atmospheric temperature distribution was
A comparison of the optical depths for the smaller par- that derived on revolution 20 at mid-latitudes (Ref. XX-4),
tieles in Fig. XX-12 with the indices of refraction in and the particles were distributed exponentially with
Fig. XX-10 indicates that maxima in the optical depths altitude assuming a scale height of 10 km. Many of the
correspond to regions of maximum absorption. As the features observed in the optical depths of Fig. XX-12 are
particle size increases, the regions of low absorption in noticeable in Fig. XX-I$, with the widths of the spectral
the total optical depth become filled in because of in- features generally increasing with particle radius.
creased scattering; for a particle size of 10 _tm, scattering
dominates as shown in Fig. XX-11, and sharp spectral
features are no longer prominent in the total optical depth. Tab:-_Y_-4. Vert:c_.l'),integrated column number density, N, and

massder.;ity,m, asfunctionsof particleradius,r, assumingunit

Finally, the absorption and scattering cross sections visible opt0.-.eldr:pth
were used as input to a numerical solution of the equa-
tion of radiative transfer for the dust-laden Martian r,#m N, cm-Z m, gcm-_

atmosphere. The radiative transfer calculations were 0.1 7.04 x 109 7.79 × 10-_
normalized to a visible optical depth of unity, so that 1.0 1..21× lot 1.34 × 10-_

the integrated number of particles in a vertical column 9..0 3.38 × 10P, 2.98 × 10-4 ;
decreases as the dimensions of the particles increase 4.0 8.85 x I0 ._ 6.2a × 1o-,
(Table XX-4). The numerical solution accounts for the

IO.0 1,50 × 10._ 1.66 × lO-_
absorption and multiple scattering of the radiation by
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Fig.XX-12. Ratiosof infraredtovisibleopticaldepths(roJ_;,ts)
for0.1-,1.0-,andlO.O.#m-radiusparticles.

Tile most striking feature of these results is the strong F, Summary
dependence of the sharpl_ess of the spectral features on
particle size. A crude comparison of the sharpness of the This section reports on recent l_.ogress in the interpre-

tation of the thermal emission spectra of Mars. Improve-features m the c;dculated brightness temperature spectra
ments have been made in the CO.., transmittances, which

with those in the measured dust cloud spectra such as
that shown in Fig. XX-14 appears to favor particles with form the basis for the determi:aatiou of the surface pres-
ratiii between 1.0 and 10,0 ttm. sure and atmospheric temperature profiles, and which _ ,

must be well understood before a final analysis of minor

Proceeding on the assumption that the dust in the gaseous constituents and of the mineral composition of

Martian atmosphere is siliceous ;.n nature, though not the dust and of the surface can be made. Analysis of the i
pure quartz, the radiative transfer modeling effort is water vapor distribution has revealed strong seasonal
being extended to include othnr minerals in the SiO= effects in the polar regions. By late southern summer
family. Effects due to broader particle size distributions (L, = 346 °, revolutit_,, i88) the atmospheric water vapor
are also being investigated. Present indications are that content over the south polar cap had dropped below 0.7 I

the correspondence between measured and calculated ttm of precipit_ble water, which is the saturation limit

spectra will be improved by these efforts, for the cold polar atmosphere. The wettest portion of the r '
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planet encountered during the orbital mission appear_ to Tilt, analysis of tile atmospht rio pressurt, at the surfat.e "

be in the north polar cap region where saturated water and of the topographic relief of .Mars is proceedin,._ flora
vapor abundances of 20 to 30 ,am _ctc observed during individual ea_,, _tudie_ to a _lobal .malysis. Even .tt "-_w i.

northern sprin_ (L, = 60 °, revolution 528). Because the resolution, correlations betwecn visual feature_ aud prv_- _
entire planet was not observed through a complcte sea- sure variations are evident. Final analysis _f pressurcs

sonal cyele and because of the interfering dust storm in and tnpot_raph.v await inclusion of improved CO: trans-

the southern summer, it is not possible to infer from the mittances, corrections for diurnal pressure ttuctuati_.ls.observed behavior of the water vapor distribution an and corrections for distortions of the Martian t_coid, as

i,nbalanec in water vapor c_ontent between thc northern well as the use of a measured scale heigbt instcad of a H

and southern hemispheres. Howevc.', co,tinued analysis constant value, i' of the water vapor distributaon as a function of .Martian

•_ season will contribute much to the u.clerstanding of Inclusion of tidal thear:" in the analysis of atmospheric i:

i polar phenomena aad to the general interaction of sur- d.vnamics indicates tha_ slgm_ca_t diurnal I," ---c, flue- ;

face and at_,a,,_phere, tuations exist. Duril, g the dust storm, diurnal pressure !i
!
k'

i
' 280 -_ :.

r -0.1/zm

, v.V
24o V I

24O

220 r =2.0/._n

• I220
r=4.0pm

240
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2601 _ _ r=lO.Op.m _
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- Fig.XX-13. Synthetic brightnesstemperature spectra calculated for indicated particle sizes.
:- The radiative transfer calculations include only the scattering and absorption effects of the

particles and neglect the effects of molecular absorption. _
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__ Fig.XX-14. Measuredbrightnesstemperaturespectrumfromrevolution92
showingdiffusespectralfeaturescausedbyatmosphericdust,

fluctuations occurred x_fth a maximum near 07:00 local computed _pectra with measured spectra suggests that
time and -20 ° latitude and a minimum at 19:00 hours partic!_, _._,.were on the order of a few micrometers;
and the same latitude. The calculated wind field ne:r the ff smaller particles dominated, rather sharp spectral fea-
surface shows a strong latitudinal as well as diurnal de- tures would be expected: substantially larger particles
pendence. The surface boundary layer and surface topog- would have resulted in obscuration of the surface, even
taphy arc two important aspects that remain to be in- near the Christiansen frequency around 1300 cm .
cluded in the model. Although the present models do not yet realistically

parameterizc tile particle composition, size, or shape.
Using \lie theory and radiative transfer calculations, refinements of tile models promise to be useful for more

synthetic spettra of clouds of quartz spheres of various specific identification of the Martian mineral dust corn-
radii have been evaluated. Qualitative comparison of the position and particle sizes.
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The infrared radiometer experiment carried on Mariner of 0.006. _TIw thermal I ._lel using these values has been
9 was intended to thcrmally map the surface of Mars at used as the basis for a pleliminary comparison with the
10 and 20 tma with a spatial resolution unobtainal_le from 1971 data; the model will be referred to as the Mariner
the Earth, and to extend the coverage achieved by the 69 thermal model.

radiometers aboard Mariners 6 and 7. In 1969, approx-

imately 9% of the Martian surface was observed by the Although the average thermal properties deduced in
radiometers with a linear resolution of, at best, 50 km 1969 adequately ropresented most of the observed Mar-
(Ref. XXI-1; hereafter called Paper I.) On the Mariner tian thermal structure, some large areas, especially Hellas,
9 mission, more than 35% of the surface was observed were systematically different and required inertias as

with a spatial resolution of 100 km or less; many areas high as 0,010. There was a clear correlation of temper-
were observed with a resolution as good as 15 kin. aturcs with the classical features on .Mars. In addition,

a few local thermal featalrcs appeared at the limit of the
From the Mariner 6 and 7 observations, which covered

a limited range of latitudes and local times, average
thermal properties of the surface were deduced; a best _As in Paper I, the lrollowing units will be used throughout this work

and usually omitted from the text: thermal conductivity k, cal

'" fit to the bulk of the data was achieved with a bolomctric cm" sec I *K-l: specific heat c, c;d g-i oK-i; density p I4 era-a;
albcdo, A, around 0.3 and a thermal inertia, I = (kpc) '_, theHnal im,rtia I : (kpc) '=, c_;I cm-" sec.... K-_.
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_,p,ltial rc:,oluthln of the radiunwtcr. Ill particular, op+,. and rvvit.wcd in Papt'r I. Tht' mllx c,,.wutial nl_dificatiul_
_ut'h h.,tture xv,t_tentatiw'lv identified with a cratt,r in trom tilt. m.qrunl_,nt oi tilt' 1969 ufi_i_ln xx,t_nl the rcdu_-
l)eueali_ltlis l_t'_lo, tit_'.l h',_,+n(_7 h_ 0..5: ot the field u[ xivw _lt tilt' l(I-/,,I

ch,mntq.
E.uth-Ilascd intl.n'cd otlservation_ of _MarsI)c'forc tl,"

.Ual'il_+r 6 and 7 luisqon._ wt'rc reviewed ill Paper I. -kl- l)urin_ tilt" 1.tiT1nlisSitllL tl,da \_crt' tak,'n t'xt.rx 1._ 5t't.

though st,xt,ral ob_crvational Earth-based pro_r,uns haxt, wht,n tilt' in_trmncnt plattorm x_,c_t,luuuallv point_,d ,it
IIct'll t_.,trrit'd otlt ',illce that tiult, relatin_ to spt'cific .X,lar_. ,is ob._t,rv,ttlon_ r,m_t'd tltlin t',t'riapg_ to ,tpo,lpsi_.
\l;u'tian probleul._, nci _lohal study of tht, thermal prop- the lincar sc'ah' _| tilt. arca ohscrxvd ran_t.d trmn about

t,rtic._ has Iict,n published. 15 tel abottt 1000 kill. Thc radiom<,ter w,t_ rigidly bore-
, .,,i_htt'd with the teh'vi_ton camcras, and initial orbiLtl
i A sin_lt'-channel radiometer covering the w,tx'elen_th eh'mcnt_ x_ert, .wlcctcd to nl,,ximize tclcvi_ion contra_t.

i rau2¢ % It) 40 i/Ill Xt.',ISinco,pllrated in the Soviet space- As ,t rc_ult, tilt, tovt,l';)._t, Oll tl_t' planet w,c_ nilnunifmm
cratt Mars 1 and 2. Prelinfinarv reports show upparent with l't'spt,t't t<l loc_tl ti!nt+s. [:or cxan/plc, llU,'tl" tilt' cnd ot

i a_l'et'Itlt'II| lwtwt'en tilt' Russian and .'+lariner 9 data the mission, thc data obtaincd |rom latitudes tlf .'30 to
tlh'fs. _\XI-2 ;tll¢lXXI-:3). -+4(l+"wcrc conct'nt:',tted in a band of local times /with

J 0+' at midnight+ 1)etwt.cn 13 and 17_':in contrast. (,qua-
[ Ill this section, a prclimiuary summary of some aspects torial data ill tilt' early parts of the mission wcre conccn-

of the radiolneter mt',tsltrenwnts is prcsented. About trated in the two Imnds 5 to 9" and 15 to 15':.
1.5 _ Ill' individual measurenwnts of the surface tem-

pcr,ttu:-e of .Mars were obtained in each of the two Rapid scans onto the bright limb of 3,1a,'_ show tilt'
radionwh'ie channels. The data. as received, contain t'xistenee of a siulfifie,mt e,:telidrd fickl responst, o! the
transmission hit errors that must be eliminated for corn- radiomcter. The instrument _ensitixitv falls oil rapidly ,it
putt+r processing. Furthermort,. ¢letailed analyses of in- the etl_cs o| the nominal fields of view to less than 10c_"
strumt,ntal properties necessary to delineate effects of at 0.5 ° and (I.6° from their ccntcrs for the 10- and 20-,m

tilt, olf-axis response of the radiometer have not bet'rt channels, respectively. However. the scnsitivitv decreases
completed. As a result, the data treated in this section art' slox_l\ and is less well known at lar_er an_!cs. Approxi-
limited to those which were taken sufficiently far from matt,Iv 10 and 40ok of till' total i-t,spon_,e COllieSfrom the
tilt' .Martian limb so that any corrections for the extended area I_eyond 1.4: from the ccntcr for the 10- ,rod 20-,,m
field response would be less than 10% in flux. In effect, ehamwls, tespectix'ely. "flu, data discussed in this section
this excludes obserxations with cmission an_les _reatcr have not Iwt,n corrcctc,l for this c[[cct..-ks statt'd, how-
than 60_. Primarily. this limitation postpones detaih'd ever. a iirst-order analysis has bcen used to t,xclude the
c\ahmtion of the al_solute value and phase dependence small fraction of the data where tht. correction is esti-

of emissi\'ity: the ninth and south polar caps will also be mated to lw lar_cr than 10G- in flux. As the central field

rcscrvcd for l:uturediseussion. All temperatures prescnted of view is well defined, the spatial resolution used in
will necessarily he brightness tentpcratures, T;,, and T.,,, analysis of local features is little affeett'd by the extended
at either 10 or 20/tin. response. On the basis of pre-launch calibrations attd

comparisons with the intcrnal reference calibrator, the
Tht" discussion of the data is divided into three sec- hritd_tncss tcmperatures presented have an absolute accu-

tions, each concerned with thcrnml features with different racy of hetter than 5:K near 250_K: the resolution of

lincar scah.s. The planet as a whole defines a natural hoth the 10- a/tel 20-t,m temperatures is better than I°K.
uppcr seth,, The classical features seen on the planetary The internal calibration was very stable throughout thc
surface define the large-scale structure. Finally, the in- ntission.
strumental resolution of 15 to 100 km defines the smallest

mcaningful scah,. The division is clearly arbitrary, and

only a minimal attempt at a rigorous consistency in [ol. B. Planet-Wide Propertieslowing it has been made.
1. Observations

The smoothed lO-/m_brightness temperatures observed
A. Instrumentation at three epochs in the mission are shown in Figs, XXI-1

The infrared radiometer flown on Mariner 9 has bcen through XXI-8. In presenting the general picture of the
described by Chase (Ref. XXI-4), Chase et al. (Ref. XXI-5), planetary temperatures, the data are considered as a

/
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Fig. XXI-1. Observed and model temperatures. The following

data are shown, averaged over bins of 5" latitude by 1/_ flour °O___

local time. (a) Obser4ed 10-_m brightness temperatures, aver- 30
aged over 30 revolutions centered around December 9, 1971.
The subsolar latitude is -19 °. (b) Observed lO-_m tempera- 0
tures minus those computed using the Mariner 69 thermal
model. (c) Temperatures for the model using parameters that
best fit the observed data from latitudes -70" to +40 °. (d) -30
Observed lO-#m temperatures minus those obtained from the

best.fit model. -60 _ _ _0
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h,m'ti(m ot onk latitud(, and local time. and variations tilt, properties of the data taken just before sunrise, the
_il.h I:,,_itudc have bcc'u i_ntnccl. _,)-ealh'd "predawn" data. depend almost exclusively on

the assumed thermal inertia. The model diurnal variation

At tat' lw_ilmiu_ oltilt' mission, tt.mperature variations for Martian albedos and inertias is largely a function
a,'ross the plant,t wet(. _m,dl. aud the maximum tempera- of the assulned thermal iucrtia.
tur¢, occurr(,d at latitudes wull south oi the subsolar

., latitude. Nvar latitude --40 . the peak tempcratu]'es Within the ranges of 0.2 < A _ 0.4 and 0.005 < l <

¢)ccu,','ed ,dmo_t 3 t¢) 4 hr after uoon. The temperature O.010. temperatures have been calculated using a linear
} pattt'rn diltCl'('d radicalk from that predicted b'c ealeu- expansion and the derivatives in Fi_. XXI-4. Th.s pro-
, lati(ms usiu,_ the IIhysic'al paramt'tt'rs derived from the eedure has been verified to be accurate to within 2°K l)v

1 Marin('r 6.9 data. The planet looked smooth thermally, comparison with a limited set of direct integrations.
and it was evident that the t(.mpcrature ehan_es expected

!, from tht. surtac.e allwdo variations were absent. The one A frt.(, parameter of the thermal model is th:' emissivity

,_ cxC('l)titm. ()tlwr than the southern polar cap. was tile set in tilt' 10- to 20-.tim region, which is incorporated as a
o! dark areas ol)_(,]-ved in the early teh,vision pictures boundary condition. In the model calculations made to

aud latcr kh'ntifit,d a_ the volcanoes along the Tharsis analyze the 3[ariner 9 data, an emissivity e ol? 1.0 was
ridge. These dark areas had temperatures clearly differ- assumed, thus facilitatin_ direct comparison with the
ent h'om the surroundin_ areas and al)proaehing those observed brightness temperatures. In the 1969 model an
predicted hv the .Mariner 139thermal mod_,l, emissivity of 0.9 was assumed, but the observed. Mariner 9

1)l'ightness temperatures have nevertheless been compared
.-ks the missiou ;'ro_ressed. the temperature contrast directly wi,h the mode! surface kinetic temperatures.

acro.ss t}',, planet increased, aud the position of maximum Characteristically. the Mariner 69 model temperatures
temp('rature shifted toward the subsolar latitudes and to are too warm by (1- E)" T _ 0.02 T; this small dis-
a time 1 hr after noon. Tilt' maximum temperature crepancy does not significantl._ affect comparison be-
incrt'as('d throu,,,h the mission, although Mars moved tween observations at diflerent times or places.
farthe," fiom the Stm in its ceeeutric orbit. The highest

observed temperature was 285°K. Finally the reKular radiometer ol)servations lasted

2. Thermal Models fi'om Novemher 1971 thl"ou_h mid-March 1972. During
that time, the Mars solar distance increased from 1.4! to

Analysis of the radiometer data, wlwther on the Klobal 1.52 AU and the subsolar latitude changed from -2:3 ° to

or localized seah's, has always I)een made with respect 0 _. The peak temperature predicied by the thermal
to a bask. thermal model described in Paper I. Funda- model with the \lariner 69 set of thermal parameters
mentally, the model consists of a spherical, homogeneous, correspondingly decreased from 292 ° to 274°K.
conductive solid, heated by insolation and radiating to

space. The frt'e l)armueters (lefiuin_ tilt" model are the 3. Discussion
'belometric albedo (A) and the thermal inertia (I), here-
after fr('(luently referred to as simply albedo and inertia. The observed 10-t,m brightness temperatures Tt,,, for
The efleet of atmo,pherie radiation is included explicidy the latitude range -70 to +40 ° have been fit, in a least-
only by incorporating a constant atmosl)heric back radi- squares sense, to the thermal model calculated for the
ation equal to 0.02 of the ;toon solar flux at thilt latitude, appropriate season. All data obtained in a 42-scc period

were averaged; then the averaged local time and latitude
The effects on the model surface temperatures of varying were used to sort T,,, into bins of 5 ° latitude and % hour

the alhedo and inertia are shown in Fig. XXI-4. Incrcas- local time. Each bin was weighted I)y the square root of
ing albedo decreases the temperatures at all times, the the uumber of observations at that location. Using a
et[eet being largest near mid-day and diminishing steadily starting model temperature T,,, and ;T,,,/;A and ?T,,/H
until dawn. lncreasin_ ineltia decreases tile amplitude as shown in Fig. XXI-4, a h,ast-squares fit model temper-
of the diurnal variation and increases the delay of peak ature TI, was found. Because Tossible large data errors
temperatures after noon: it also increases the average caused by bit errors in transmission could affect this fit,
temperature slightly. Most significantly, for reprcsenta- any points with :T_,, - T_. ! > 15°K were deleted in this
tire ranges of aibedo and iuertia the derivatives of preliminary analysis and a second fit made. A program is
Fig. XXI-4 show that data obtained around local noon in progress to identify and correct or eliminate all data
depend strongly on the bolometric albcdo. In contrast, affected by significant bit errors. !

i
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Fig. XXl-4. Dependence of the model temperatures on albedo (a) and inertia (b). Curves are
shown for three latitudeson January 28, 1972. Notice that _T/,_A is always negative, with the

": maximum absolute value near noon, diminishing rapidly until sunset and then steadtly at

'_ a lesser rate until dawn. In contrast, _T/_I has a small positive average over the day, with
large negative values near mid-day and nearly constant positive values at night. The magn!-
rude of _T/M decreases as the length of day and night becomes unequal.

The results of the fit are included for three epc._,s of in Fig. XXI-5. The derived parameters earh" in the mis-
the mission in Figs. XXI-1 through XXI-3. It is obvious sion are not meant to be taken as physically meaningful.
that, even late in the mission when effects cf the dust but rather as indications of the effect of the dust storm

storm had diminished, consistent departures from the and its smooth progression with time. Also. tht' results
best-tit models exist. The observed temperatures are for the early orbits are far f.-om the region for which the
generally low with respect to the best-fit models at lati- model derivatives were evaluated and hence are not
tudes from -70 ° to -40 °, and near 16 hr local time for aceurate. The oscillations in inertia observed during the
all latitudes observed. This latter effect was particularly earlier part of the mission apparently are due to statis-
evident on revolutions 120 to 130 in January 1972, when tieally significant variations in the predawn temperatures.
_tset of special observations was incorporated, during a The inertia oscillations have a period of 40 revolutions,
gap in the television mapping sequeuee, to cover all the whic.h corresponds to the beat period of the spacecraft
accessible range of local times at latitudes +10 to +40 °. periapsis point and the .Martian longitude. The times
This rapid drop in temperature is not reproducible with of minimum inertia were obtained when many of the
the thermal model and may indicate an increased thermal predawn observations were at longitudes near I10°, a
coupling between the surface and the atmosphere in the region which is significantly colder ::,an other longitudes
late afternoon, before sunrise.

The time variations of albedo and inertia derived for Toward the end. of continuous coverage (March 15,
the best planet-wide fit to the thermal model are shown 1972), the best-fit inertia approaches 0.007 _0.001. The

1
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Fig. )0(I-5. The variation through the mission of apparent albedo aqd inertia as derived
from the best-fit models over groups of 10 revolutions, The large oscillations have a period of
abo,.t 40 revolutions, corresponding to the time required for the radiometer swath to cover
the planet once. The last two points are different from the converging trend of previ, "is
orbits and may be due to errors in the spacecraft-planet geometry. The numbers by the
solid dots indicate sequential groups of 10 orbits. The three numbers in the opep circles
show the values of albedo and inertia derived from the data of Figs. XXI-1 through )C_1.3. The
crosses indicate the values derived using the Mariner 6 and 7 data.

albedo was still decreasing steadily, but the asymptotic parameters wluch specify the n,)minal thermal model,

value must be within 0.25 ±0.05. The large va_';ations in Detailed study of the progression of the dust storm in-
• the last 20 levohltions may result from errors in the corporating a dust layer has consequently been omitted

geometry source tapes. The values of albedo and inedia from tiffs report.
derived by fitting the 20-tma brightness temperature T,,,
are similar to those for the Tt,, fit, which is a corollary The best-fit parameters for the Mari_:cr 69 dicta, rede-
of the general agreement of T,,, and T:,, at equatorial rived from the brightness temperatures using the same
and temperature latitudes. Significant differences be- procedure enaploycd with the 1971 observations, also are
tween T,,, and T...,,were apparent only during early stages shown in Fig. XXI-5. The increased albedo for the
of the mission. Mariner 69 T,.,,,model fit results from the average bright-

ness temperatures at 20/_m being significantly colder than
It should be interjected that the temperature pattern that at !0 tmi for the Mariner 69 data; in Paper ] this

observed early in the mission can be accounted for by was taken to indicate an emissivity difference between
the addition of a single cloud layer to the normal thermal 10 and 20 _na. This effect represents a clear difference
model (Rcfs. XXI-2 and XXI-6). Such a model for the of about 8 ° at 250°K between the 1969 and 1971 results.
du_t-covered planet requires stipulation of at least four The discrepancy has not been resolved at the present ,,

additional parameters that vary with latitude and time; time and may be either in the calibration or a vestigial _
this should be contrasted with the three time-independent effect of the dust storm. , '

J
I
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C. Large-Scale Structure The n,sidual temperatures of the three large, heavily
c'ratcrcd areas _t--3_ are rt'markabh" similar despite their n

.',",_'r,:] L_,r'_,.• .:r,'2,- ,nltlint :t. in Fi,z. XXI-(_wcrt" st'lcctt'd strikiu_ dit|erencc_ in visual albedo. At mid-day, the I
t, h. _k t_,r rcgiqmai diift.rcuct.s in the thermal prol_t.rtit.s two light art,as were only 1_ to 2_'K ta3oh'r than tht,

ot \l, r_. The ll_mndarics were chost'n to include areas cff t'qu,ttq_rial dark area. I.ikewise, the predawn tt'mpera- !

uniform ",isual rclh'clivitx on the M;:rim'r 9 pl,umin_ ture of tlw dark area t2_ was on7 2.5°K warmer than i
chart _l{cf. XXI-7) and ot mfiform _ent',_d surface mor- that _ff the south light area (3). The small differcr, ct.s in

l)lmh_o_y:as shown tm the t_rt,iiminary .Mars chart tl_cf, the amplitude of the diurnal tmnperature variation thus I

XXI-S_: iMar rc_ions xvcre specititall.v excluded, indicate that there is almost p.o connection between the
classic visual refiectivitv and thermal inertia for these

The thr'," l;tr_c" regions m-,,r 0 ° longitude !I_3 iu areas. Similarly, the close agreement of the temperature
Tahh'NXl-l_ wcre seh,ctc.d to be rctJ, esentative of classic residual_ for pairs of ar,'as that have similar surface
light and dark are;:s and to have similar al_part'nt l_cr_t,- morpholo,..m., but _enerally different visual retwctivities
st_dt- nmqfltoh_y, in this case fairly t,niformh" cratercd (e.g.. art,as 3 and 9. 7 and i0, and 11 and 12. list,,d in

t terrain with fcw "volt, talc'" or "eanvonland'" features. Tabh, XX[-1}, again points to a lack of correlation be-
tween the classic brightness and mid-day temperatures.

( bevt.ral other re_ions were setccttxl to ¢_x'er a range In c_ntrast, the areas of S.vrtis Major (5) and Meso.--,aea
_ of alhedo, eh'vation, and surface types.. Svrtis. Major t5) (41 show approximately the expected correlation between

,rod .Mc.so-.,aea _4l are two lightly cratered areas witl. classic hrigl-tness and temperature: the 12°K difference
vt.ry differc,nt albedos. They are at the same iatihldc and in the mid-day temperatures corresponds to a l_olometric
ht-ncx, ".i','e had nearly identical observational covt.ml,_tt.. all)cdo difference of 0.1. while the visual albedo differ-

ltcllas _8_ ;s a larg_, area of low eh'vation that has lon_ ence is ahout 0.15 (Ref. XXI-12). In general, the mid-day
been ;_ssociatcd with white clouds IRefs. XXI-9 and temperatures appear to have less dependence on visual

XXi-l(h and is the t:,'pe t,xatnple for "featureless terrain" rettectivity for cratered areas than f_r smooth areas. We
(Ref. XXI-Ill. The Bosporos region t_) i_ -_Lthe same have in progress a more general stud 5" of the relatio,,

latitude and has a similar visual reflectivity as the south of surface temperatures to the visual reflectivitv as mea-
sured froln the Mariner 9 television pictures.light area (3). but is less heavily cratc,','d. Mare

Cimmerium (7) is a moderately cratered, but quite

] dark, area. There is no a priori way of choosing areas that repre-
sent extremes in thermal inertia. Of the 13 areas selected,

One area, South Tharsis (6) was not chosen on t'w Hellas has been conspicuous throughout the mission for

basis of tile taro maps mentioncd above but because, its small diurnal temperature variations, The amplitude
early i_ tile mission, it was noticed as having unusually of 68°K is 27°K less than predicted by the *lariner 69

low predawn iemperatures. It is a high eh'vation area model, and is the smallest amplitude observed for all

with low relief except for "South Spot" volcano and the these areas; it corresponds to an inertia of about 0.011.
western extreme of the '-'eanyonlands," The diurnal amplitude of the south Tharsis region aver-

ages 7°K greater than tim model, by far the largest

In the analysis, the temperatnre data were divided observed, equivalent to an inertia of about 0.005.

according to local time into predawn, mid-day (10 to
16"), and all other times. As discussed, predawn tern- The visual refleetivity of Mars shows a general de-
peraturcs arc primarily dependent on thermal inerti,' pendence on latitude as shown in Fig. XXI-6. Thus, in

and mid-day temperatures are primarily dependent on addition to the selectcd areas of Table XXI-1, the whole

bolometrie albcdo (Fig. XXI-4). To avoid the major effects planet between -60 ° and +40 ° was divided into 5 °
of the dust storm, only observations from the last half wide latitude bands; temperature residuals from the

of the mission were used. Because of the position of the Mariner 69 model are shown in Fig. XXI-7. Surl,-risingly,

orbit, essentially no predawn data are available from this the data show a more consistent pattern than do the areas
portion of the mission for areas north of tim equator, selected only on the basis of visual reflectivity. There are

The clitIerenees from the Mariner 69 model are presented bands with low mid-day temperatures from _f_o to

in 'Fable XXI-I. It is obvious that the diurnal amplitude -30 ° and from +10 ° to +20 ° lati'.ade. Although the
of the observed temperatures is generally less than pre- variations are small, the trends are significant in view ef

dieted on the basis of the *lariner 69 data. the large number of observations incorporated in the data.
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1. Predawn Observations tile surtace tmnperatures de!_,nd ahnost exclusively on
tilt' thermal irtertia, as fly, vt[ccts of alhedo variations

In additim, to seh'ctin_ areas on tile basis of predicted and slopes art' then the smallest (set" Fi_s. XXI-4 and
- or observed physical properties, a large group of ar_-as

.X.\l-8). "lhe observed preda_, lO-,,n bri_.htnes.'; t,.'m- {i

was studied m_ the basis of their being observed after peratures are shown in Fig. XXI-9 as difft,rene(s from '"

midnight local time and before sunrise. For these areas, the Mariner 69 model. Because of physical limits in view-

in_ dirt, ctions, there is little predawn coverage north of ;t

Table XXI-1. Observed minus model 10-,m brightness the equator and tilt, northern limit moved south throueh .'"

temperatures of selected areas the mission. I

Pre- Mid- Residu',d
Area dawn day Other diurnal Many pronounced lo_-al and regional variations were •

; anaplitude observtxl in predawn temperatures. Early in the mission. I'

1. North lirahtarea -8.2 -19.9 these variations were partially masked by the dusty i
2. Equatorialdark atmosphere. On the basis of Earth-based measurements, :,

area 7.4 --6.2 --5.4 --13.7 Morrison et al. tReE XXI-13) have suggested that lower '/

3. South light area 4.8 -7.3 -5.4 -12.1 visual reflectivity is correlated with higher thermal in- [

,_, 4. Mesogaea -13.4 -'22.8 ertia. Although both lower albedo and higher thermal
5. Syrtis Major --1.5 inertia increase predawn temperature, the te nperatures !

6. Soull:Tharsis --7,2 -0.1 -3.7 7.1 measured from Mariner 9 do not consistently increase

7. Mare Cimmerium 3.0 -3.1 -6.1 onto dark areas. While some examples of such a cot-

8. Hellas 8.9 -18.2 -4.5 -27.1 relation can be found, e.g.. between Mare Tyrrhenum i
9. Bosporos region 2.3 -7.9 -3.7 --10.2 and Ausonia tlatitude = -30 °, longitude = 250°), many

10. Eleetris 6.I --6.8 -7.2 -12,7 counter examples exist, e.g., Thaumasis and Bosporos

11. Sinus Meridiani -3.8 -10.4 _--,36 °, 72°'W); some of the highest contrast borders show

12. Deucalionis Regio 3.0 -5.9 -8.9 little effect at all, e.g., Sinus Sabaeus and Deucalionis

| 13. NiliacusLaeus -8.7 -8.9 Rcgio (--10 °, 340%V), mad the borders of Hellas. The

i 40 , , 'g _ t
| i ' s i i i i " ! !
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i

Fig. XXI-7. Average temperature differences, observed model, divided according to local {time as a function of latitude from Janua_ lhmugh March 1972, The vedation of the

mid-day temperature averagegenerally ', _ _ the albedo pattern depicted by Earth.based tobservers.
t f

!
324 JPL TECHNICAL REPORT 32-1550, VOL. IV i

I

e
, t

1973023947-335



__J .... I " " r_ _ 111 I, r ........ _

l I I'

|

. t 1 I I I I 1 L ,,I I L I J i I I I l t, s i } i

I,,,- _....-..-._

, -10

_ ,
t -151

{
(b) ..... MARCH1972

-2C

I 1 I l i I I I t I t I _ I i i i l l l i i i 1
0 2 4 6 8 10 12 14 16 18 20 22 24 "_

LOCALTIME, far

Fig.XXI-8. (a) The temperaturechangeattributableto a 5" west-facingslopeas a function
of Marslocaltime.Variationof this functionwithlatitudeandseasonis smallandhasbeen

I omittedfromthe figure.(b) Thetemperaturechangeattributableto a 5" north.facingslope
i as a functionof Mars localtime for three latitudes(0°, +40"). Solid lines depict this

dependenceshortlyafter orbitinsertion;dashedlinesrepresentthe situationnearthe end
i ofthe standardmission.

I

range of predawn temperatures observed is far greater mately 40 km at this part of the orbit. The large number
than could be attributed to albedo variations, and implies of these features at the scale of the radiometer's reso-
major variations of the thermal inertia, lution suggests that the real sources are in fact smaller

and hotter than indicated by the apparent brightness

Using the preliminary Mars chart of Rtf. XXI-8, no temperature.
consistent relation has been discovered between the pre-

dawn temperatures and morphology. However, a cau- A few of the more pronounced local predawn tem-
tionary note on the preliminary Mars chart states that peratures that are high were also hand-plotted on the

positional inaceuracles as large as 60 km exist throughout Mariner 9 television pictures. The pictures were, of ne-
the chart. Such a positional error is greater than the field cessity, taken at other tinaes; thus, small inconsistencies

o_ view for the ra.:liometer during predawn observations, in relative location may exist. No general rule relating ,
Some crater rims appear as local temperature increases predawn temperatures to specific morphologies has be- i

(e.g., -57 °, 20°W), though counter examples are coin- colne apparent. There are examples of local temperature i

mon (- 17°, 300°W). The parallel large canyons, but not increases corresponding to small, dark areas or to areas i
the cross-patterned area at their western extreme (the near the borders of rough geologic provinces, and ex-

"chandelier"), appear warmer than the surrounding areas amples where there is no apparent reflectivity or topo-

before sunrise, graphic feature at the location of the thermal contrast.

Many of the features seen in the predawn data are as A maior feature of the predawn observations is the

small as tile field of view of the radiometer, approxi- large region of very low temperatures around Tharsis,

JPL TECHNICALREPORT32-1550, VOL. IV 325

....... , ......... li ]! ,_- -.- ir: - -,..,i

| ' . ........ _ '_, , ..- ......Hi .... ' " ' "-- " ' J, " , rl .... , , ,

1973023947-336



i
I
51

- NORTH
I

• ,,,"_ ', "(.. '.I"_ ," ._, - -* :' _ - " .r .,,. r,

Y ,._..... ,_,._,.,_. ,_, .._,_'--_-_.,_.-_....-:....,
r - : " " _, • "_ ',,'_%_.,_%"_'[:i. _ ,-"" :.,, '- k_

_, _"." (_.' _. ' _.'"";':',":" ' . -. L" ", " " , '. '" '" !

,, .... _. ,-_'.'; (-,-",, • .. _ .. -. • . _ .

• ' _'"_ _ i"'' ; \" I"."_"1-_ l\, i
,. .._..-.,_,.: _,., _,q,;.-. _ ' ,. _._,.. k' .Ct . ,_,,_., _ • ",_. '"_,; _,_,- ,-.. .. - ,. ¢
'k "_ _.' "_.,._ ..... , . . , c_ _ "" I

, ,._]_ ,._',, .. ";.;:. ,,<,... . i

.t ,_- ,_,. _ ,r". _,," '_ ,"" '( _ " " "• .,_) . ._ • _ , . , " _ , 60"

SOUTH -_o _o _c, o _o _" _:,t I _ ! I_._J___l

Fig. XXI.9. Predawn residual temperatures. The observed temperature minus the Mariner 59 medel temperature is
shown as an offset from the trace of the radiometer observation across the planet. Temperature increases to the right
as indicated in the legend; no offset represents a �10= difference. (a) Data from December 14, 1971, to January 13,
1972. (b) Data from January 14 to February 12, :.972, (c) Data from January 13 to March 13, 1972.
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As this part of Mars was known to be high, a general of thermal inertia than is predawn tempcrature, as it
correlation between temperaturc residuals and altitude ha_ a smaller dependence on albedo.
wa_ sought. The predawn temperatures and elevation

data wew cach averaged over 5 ° square areas from -30 As discussed ill Paper 1, the main physical property
to --3() _ latitude. Two sets of elevation data were used: determinin_ thermal inertia for material_ rch'vant to

(1) a topographic map I)ased on data fi'om all availalah' Y.lars is thermal cmaductivit3", which is closely related to

sources, and (2) elevations derived from the 1971 Hay- partich, size. \\'echsler and Glaser tFigs. 4. 8, and 11 of

stack radar ,)bservations. Using either set of elevation Ref. XXI-14) have compiled, at several gas pressures,
,. dat,t, there is a general decrease of avera,_e predawn thermal conductivity measurements of 1)owdered rocks
i temperature with increasing height of about 1.5°K/kin, with particle diameters from 0.004 to 0.08 cm and have

{ althout_h the data show wide variations. As thernml con- interpolated them across tht, pressure range relevant to 1:l
: ductivitv of _r;umlated rock depends upon gas pressure Y.l,trs. Over this particle size rant_e, the thermal t_onduc- L

"i when the mean fi'ee path of the gas molecules is corn- tivity varies approximately linearh- with l)article size. \Ve
; parable to the soil port' dimension, a decrease in thermal are unaware of any thermal conductivity measurements t

inertia with height is expected: the mean free path is at relevant pressures for geologic materials with mean I
about 10-" cm at the mean surface pressure and tern- pal;.iele diameters bc_veen 0.1 cm and several centi- i

l)erature on Mars. \Vechsler and Glaser (Ref. XXI-14) meters. Lacking measurements for centimeter-size par-
have compiled thermal conductivity measurements of ticles, a smooth curve drawn through tim available data i

granulate,! samples nw.de over a range of pressures. For for small particles and asymptotically approaching the i
pressures l)etween 1 and 10 nab, tile thermal conductivity conductivity of solid rocks at 100 cm has been adopted
of a wide range of powdered materials increases approxi- and is shown in Fig. XXI-11. This is an estimate of the

mately as the square root of the gas pressure, or the thermal c.onductivitv of uniformly sized lithic soils at
thermal inertia increas,:s as tile fourth-root of the pres- 6 nab, but should serve as an indication of the surface
sure. For a height range of ±6 km around the mean properties required by the observed temperatures.
surface level, corresponding to +__%of the Martian scale

height, this corresponds to a -_20% change in thermal
At the scale of classic features, the extremes of pre-inertia or a _4.2°K change in the predawn temperatures.

Thus, decreasing gas pressure can account for an eleva- dawn residual temperatures and diurnal amplitudes listed

tion dependence of about -0.7°K/kin. This is about half in Table XXI-1 imply a range of inertia from 0.005 for
that observed, and the remaining amount nmst be at- south Tharsis to 0.012 for Hellas. Interpreted as regional
tributed to a decrease of average thermal incrtia with variations of uniformly sized soil, the mean particle size

increasing elevation, ranges from 0.015 to 0.2 cm. The fact that these two
areas also appear to represent the elevation extremes on
Mars suggests a general dependence of temperature

Pettengill has used the 1971 Haystack radar observa- variations on height. A possible cause is the size sortingtions to derive the dielectric constant and root mean
nature of eolian transport and the inability of the Mar-

square slopes of a band of the .\lartian surface over- tian atmosphere to carry larger material to high eleva-
lapped by the predawn data. Although dielectric con-
stant increases with d, -.stW and the amount of solid rock tions. The derivation of surface physmal properties within

the Hellas basin is complicated by the apparent presence(Ref. XXI-15), and nught be expected to show a corre-
lation with thermal inertia as has been observed for the of an exceptionally persistent local dust storm. Exam-

Moon (Ref. XXI-16), no significant correlation was found ination of television pictures taken late in the mission
between predawn temperatures and the data presented indicate that the surface was obscured through most of
by Pettengill. the mission. The apparent thermal inertia would be

significantly affected if the dust caused strong radiative

coupling through more than the lower few hundred
2, Implied Physical Properties meters of the atmosphere.

The predawn data are the most directly interpretable
of the thermal data presented here. Figure XXI-10 shows At the limit of the radiometer's spatial resolution, the
the relation between the thermal inertia and the diurnal lowest residual predawn temperature found, -15°K in

amplitude and predawn temperatures. The diuraal ampli- the Tharsis area, corresponds to an inertia of 0.0035
tude, where determined, is a somewhat better indicator and a nominal particle size of 0.006 cm. There can not ,-
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FiE.XXI-IO. Diurnal temperatureamplitudeat -30" latitude(dashedline) and predawn
temperaturesat +30" and -30" latitude(solidcurves)fora constantalbedoof 0.3 during
January 27, 1972. Although the absolutepredawntemperaturedependson latitudeand
Martianseason,the shapeof the curve,andhenceresidualtemperature,is almostinde-
pendentof seasonor latitudeawayfromthe polarregions.

be any appreeiablc fraction of material greater than As an example of nonuniformlv sized material, we
0.02 cm in diameter exposed on tile surface of that area. consider the occurrence of large blocky material with a
The eon'cctions for tile lower gas pressure and conductive high inertia exposed on a surface whose inertia is small.
coupling to the atmosphere are of opposite sign, and a This requires assignment of tile inertias of both th,,
uominal net correction would result in approximately homogeneous surface and the blocky material. As au
a 20% increase in these particle sizes. As the expected example, if blorks 1O cm or larger and with an inertia
effect of the dust storm is to increase the apparent in- 0.030 are exposed on a surface of 0.01-cm particles with
crtia, these estimates of m,.':aimum particle size are likely an inertia 0.004, the observed temperatures listed in
to fall within the actual range. Estimates of maximum Table XXI-1 imply that the fraction of the surface coy-
particle size could be moved to unrealis,'ic values by the ered by exposed blocks ranges from 5 to 35%. The small
effects of a dusty atmosphere; hence, only data from diurnal amplitude observed locall.y near Hellas would
the last half of the mission are considercd. In contrast require 70% exposure of blocky material.
to the apparent localization of tile lowest inferred iner-
tias arouud south Tharsis, high predawn residual temper- Conductive heat transfer between tLe atmosphere and
atures of about _-20°K were found at several locations, the surface tends to decrease the diurnal temperature
Tile highest predawn residual temperature found after variation in comparison to that which would result if the
January 15, 1972, was +23°K measured near tile north atmospheric boundary layer were perfectly insulating.
edge of Hellas, ontside tile area of the local dust storm The inertia indicated by the daily temperature variation
mentioned abovo, corresponding to an inertia of about is therefore larger tha_l should be attributed to the sur-
0.017 and a mean particle size of about 0.5 cm. It should face material alone. Based on calculations of Gierasch

be cautioned that the thermal model used thus far is and Good), (Ref. XXI-17), Neugebauer et al. (Ref. XXI-I)
physically naive. Of the various complications possible, estimated that this process increases the apparent inertia ,
the occurrence of nonuniformly sized material and ther- by about 10%, but there is a large uncertainty associated

real coupling with the atmosphere probably are dominant, with this estimate because of our lack of knowledge of _ ..
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| Fig.XXI-11. Nominaldependenceof thermal conductivityand inertiaon particlesize.The
data are takenfromWechslcrand Glaser(Ref.XXI-14).The solid line is a smoothcurve
hand-plottedbetweenthe datafor hne particulatesamplesandsolidrocks.Thehorizontal
linesrepresentreportedsizeranges.Theverticalsolidlineis the rangeof conductivitiesfor
denseigneousrocks,whilethe verticaldottedlinerepresentsvesicularbasalts.Thedashed
line representsthe computedrelationbetweenthe particlesizeandthe predawnresidual
temperature(i.e., the observedminusMariner69 modeltemperature)as presentedin Fig.
XXI-9 Thecalculationsassumea volumespecificheat,pc,of 0.24;calculationsarefor -30 °
latitudeonJanuary28, 1972, butare nota strongfunctionof latitude,date,ortime before
sunrise.

..

the h(mndary laver conditions o_ Mars. During flu' dust on the planet appear to be localized thermal features
storm, tlwrmal coupling between the surface and ahno- differing in temperature from their surroundings by 4°K
sphere almost certainly increased over that estimated for or more. Of these, the o7 tabulated in Table XXI-2 show
clear conditions. Such effects have not been aecmmted difftrences of at least 8°K; their locations and approxi-
for in this analysis; consequently, the derived inertia pre- mate extent also have been plotted on a television mosaic

t .... the actual of the planet iD Fig. XXI-12, where it can be seen thatsented here nmst l)t, somewbat larger I_....

values for the surface material, many of the areas may be associated with topographic
features on the planet.

D. LocalizedThermal Features
In Table XXI-2, an attempt has been made to delin-

Thc search for localized thermal features was one of eate the probable cause of the temperature variations on
the primary goals of the infrared radiometry experiment, tbe basis of their visual appearance. Thus, for example,
A prclinfinary search has I)een made for local deviations the Martian canyonlands (areas 5, 8, 11, and 12), cbarac-

from the mean thermal l)ackground which can be assoei- terized by sharp topographic boundaries, may be areas of
ated with features observed by tbc television cameras, distinct thermal inertia. The large crater at -13 ° lati-
The method of selecting the local anomalies has elimi- tudc and 805 ° longitude may be another such area
natcd all areas larger tban about 800 km (about 15 (area 24). One clear example of a thermal feature
areocentric degrees) in extent. The search was system- probably caused by an albedo variation is the dark area !
atically conducted for all revolutions between January 8, (area 21) near the southern boundary of Elysium at
1972, when the television mapping sequence started and + 11.5° latitude and 216 ° longitude. This area also has
it was first possible to easily identify surface features, been found by the radiometer onboard the Russian
and March 1:3, 1972, when the signal-to-noise ratio Mars 2 spacecraft to be anomalously warm. In general
became significantly degraded. Data taken when the an examination of the uncorrected television pictures
instrument platform was in motion have been omitted, shows a correlation between temperatures and visual

Several hundred areas between latitudes -60 ° and +40 ° albedo on a small scale, ,.
/
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Table XXI-2. Areaswith local temperature deviations

Longitude,l,atitude,Local Back:_round
Area deg de_ tnne, temperature. AT Date Feature: probal_le eaust'

hr K

: I. 7.4 --6.9 15.1 251 *8 Feb. 9, 1972 1)a,:k area in craWred terrain: low albedo

2. 9.8 -' 1.5 14.9 254 _-8 Feb. 9, 1972 l)ark area in cratered terrain: low albed_

' 3. 19.7 -30,7 13.3 271 --8 Feb. 10, 1972 Crater floor: high inertia

} a :22.9 -- 19.2 13.0 "271 --8 Feb. 29. 197:2 Crater floor; high inertia

, 5. 4q.9 - 11.8 13.5 275 -8 Feb. 26, 1972 Plateau in eanyonlands: high inertia

j 6. 51.2 -54.7 9.5 210 + 10 *larch 2, 1972 SW edge olt Argwre basin: cause undetermined !
7. 56.2 -51.7 10.5 231 -8 Feh. 29, 1972 SW edge of Ar_wre basin: cause undetcnmncd

t 8. 57.4 - 14.0 13.4 275 - 10 Feh. 25, 1972 CanyoMands: high inertia

} 9. 64.8 +23.0 16.9 204 +13 Jan. 14. 1972 Flow channel: cause undetemained
t :)10. 78.8 --33.- 14.1 268 +8 Feh. 3, 1972 Dark area in cratered terrain: low albedo

11. 81.8 -7.4 13.8 276 -8 Feb. 22, 1972 South rim of canyonlands: high inertia

12. 85.2 -6.6 12.7 273 - 10 March 12, 1972 South rim of canyonlands: high inertia

13. 108.6 -24.5 13.3 280 -9 Feb. 20, 1972 Indistinct feature: high albedo

14. 118.9 -11.2 17.7 216 +8 Nov. 14, 197l South Spot volcano: dust storm effects (typical)

15. 125.3 --20.9 12.6 275 --8 March 8, 1972 Bland area: high albedo

16. 129.1 -20.7 14.7 270 -8 Jan. 0,8, 1972 Bland area: high albedo

17. 179.6 +36.0 15.4 233 +9 Feb. 28, 1972 Clearing in north polar hood or low albedo

18. 210.4 +30.9 15.4 2,36 a-11 Feb. 25, 1972 Volcanic pile in Elysiuna: west-facing slope

19. 212.3 -4-25.0 15.1 251 -9 Feb. 25, 1972 Volcanic pile in Elysium. east-facing slope

20. 213.5 +24.2 15.2 236 + 11 Jan. 19, 1972 Volcanic pile in Elysiunu west-facing slope

21. 216.1 4-11.5 16.3 225 +9 Jan. 17, 1972 Well defined dark spot: low albedo
22. 285.5 -4-4-38.2 16.1 2,18 +8 Feb. 16, 1972 Clearing in north polar hood or low albedo

23. 295.7 -33.5 14.5 252 - 10 Jan. 30, 1972 North edge of Hellas basin: high inertia

24. 304.9 - 13.2 13.8 277 -8 Feb. 17, 1972 Floor of large crater: high inertia

25. 316.3 - 18.4 1:3.7 277 -8 Feb, 16, 1972 Two circular bright areas: high albtdo

26. 334.0 -27.8 14.5 270 - 12 Jan. 26, 1972 Crater floor: high inertia and high albedo

27. 358.8 -29.3 13.4 272 -9 Feb. 12, 1972 Crater floor: high inertia

Local temperature features also may be caused by inertia are uniform across the volcano and that the floor

topographic slopes. To first order, those thermal effects of the central crater is locally fiat, temperature differ-

caused by topographic slopes may be approximated by ences from a uniform background may be interpreted

assuming they correspond to an effective translation in as local slopes. Integration of these slopes along the path

latitude, longitude, or a combination of the two, as of the scan yields the profile shown in Fig. XXI-18. The

demonstrated in Fig. XXI-8. Alth,Jugh large slopes might results are in fair agreement with altitude profiles ob-

he expected in the canyonlands area (areas 5, 8, 11, 12), tained by the ultraviolet spectrometer _ and infrared

their effect on temperature should be negligible at the interferometcr spectrometer (Ref, XXI-18; also see Sec-

times indicated for these anomalies. Slopes on the order tion XX of this Report),
of 10 ° would account for the thermal features observed

in areas 19 and 20, on the flanks of a volcanic mountain Several cool areas observed by the radiometer during

in Elysium. daylight hours have been identified in the television
' images as clouds (Ref. XXI-19; also see Section XIX of

this Report_. None of these apparent clouds caused tern-

The inverse of the procedure in the preceding para- perature drops as large as 8°K. Inhomogeneities in

graph has been applied to a slope analysis of the volcanic extensive cloud cover may produce apparent warm areas;
mountain called South Spot. By chance, one radiometer

areas 17 and 22 near the southern edge of the north polar
scan passed in an approximate cast-west direction directly

over the central crater. Assuming tha:; albedo and thermal -_A,Lane, personal communication, 1972. ,:
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Fig. XXI-12. (a) Locations and approximate extent of the localized thermal features listed in Table
XXI.2. The 16 areas that are corder than their backgroundare shown by ellipses, the 11 warmer areas
by double pointed arrows. Longitudes 0° to 180°. (b) Same as Fig. XXI-12a. Longitudes 180° to 360 °.
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Fig. XXI-13. Altitude profile of South SpoL _NodusGordii, -9.5 °, 120°W). Vertical scale may be in error
by as much as +-50% because of simplifying assumptions,
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hoc;d prc,vidr examples which are tentatively identi(i'.'d atlon ot at least :?.:K is required tot certain r_,co_mtim_
with hol,,s in clouds. In 1"i,4. XXI-14. the dvtectabilitv ot tcaturvs as a tu,lc'timl i:

ot their liuc,u" size and inhcruni tcmp,,raturt, is imlic,6.cd _'

:_ l"our cold amm_ahe_ lar.'as 3. 4. 26. 2.i ate .._sociatcd h_r the 10-,,m c'hamlcl of the radimm,ter: thc back_romM _'
!

xxith impact craters that aplwar ;,u thv much enh,meed i_ taken t_ b_' _,50"K. The xxar:l; a,'omalies li_h,d m '-"
teh'visiml mut_'s to have bright area_ on their |toots. Tabh. XXI-:?. would haw to fall in the shade_, ,m'a ot

Vrom their appe,uance, one might I:e tempted to identifx Vi_, XXI-14 to tw attrihut_,d to int_.rual he_:t. M. upper

,_ them as water h-ost deposits on the Cl'tttt,r floors. An thrse limit to exp{,c'ted t{,mperattm,s of an acti;e lava lake is
observatimls x_,1"¢,obtaim'd durin_ the ,_.ai'nlest part of m,ar 1,50()_K. No such hot .H'_ot _reater than 1i.5 km ha,;

the day. l_owever, it i._ unlikrh that they rcprcsent frost been obserx t'd trom di.,,tanc'e_ ot :2(;00 km or less. A lava
lake x_ould have to he at h'a_t 0.:2 km in extent and hedeposits, and the t_'mperature drop probably is due to

f tim ,tllwdo or i_,ertia variation. The albedo variation x_ithi_ th-radiomt,tt,r's field ot ,.:.exx to be dct_'ctt'd a_ a

,i nccessmv to explain the observed tpmperaturt. ( ',A _0.1', :_:K rise. Even it Mar_ had twice the volcauic activity

i_ lar_er than the aplml'ent reflecti_it) dilfere:wc in tht' ot Earth. tht' prol)ability ot obscr_iu_ such a tt'aturc
i television ima_e.s. Therefore, thcsc areas may also havc would be very small.

hi_hcr inert:at than the .Xlartiau avera,_e.

Several tht'rmal fcaturcs wt,rt, observed at timcs ot dax

Ont' of the objt'cti ".s of the infrared radiomt'tcr expt,ri- when they could n_t readi!y he attributed to inertia
merit was to search for possibh' sitcs of active volcauism, variations, m,d no appropriate reitectivitv or ._lope vari-

._o area.', of .Xl;.u's as l;.Ir_t" as the projected radiometer ations were evident. \Vhih' these curr_-nth' havc no

ficld havt' bt't,n observcd with brightness temperatures probahh, cause identified, they may I,e due to some

in excess of :300°K. If a hot spot is smaller tlwn the unusual combination o[ surface propertit's and thel'e is

projected a,'ea of the radiomcter field, the observed no otht'r evidenet, to suggest that they are due to internal
lM_htnt'ss ttmlpel'attu'e will clcarly bc less than the heat flow. Further iuvc_tigation ot these features is in

actual temperature of the feature. A temperature devi- progress.

_ _ooo t

_oo

_; 600 _ " • :

_' 400

, %

0.01 0.03 0.1 0.3 1.0 3.0 10.0 ,

AVERAGELINEARDIMENSION, km

Fig. XXl-14. Detectability of a hot spotsmaller in extent than the radiometer field of view as
a function of Its average linear dimension. The digitization limit is represented by the 0.2*K
curve. The warm anomalies listed in Table XXl-2 would have to be found !n the shaded area

to beattributable to internal heat. ' i
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E. Summary ti(ms in thermal inertia apparent[x unrelated tt_
alh¢.do t'han_cs appear in p cdawn data. Small-

Tlu. rt-_ult_ of the prclimiua_ analysis of tht" Mari;wr 9 scale bri_htnc__s v,triation._ visibh, in teh'_ iqon pic-
radiom('tt'r data t_m I)e summafizcd _ts follows: tur¢,s _en¢'rally are associated with simultanctm_

tem!_craturt" tluctuatitms of appro\imatcly the t'x-
t l'l Onct" the planet-wide dust storm h,:d subsided, pt-cted amplitud¢', but this is understood ,as a c,m-

the -,ross t'acrmal characteristics of Mars a_zreed sequence of the stmn,_er daytimc ,lcpcndcnce of
qualitatively with those observed wi'da a poorer temperature on alhcdo than on thermal i,u'rtia. In

spatial resolution in 1969. The ran_.t,s in inertia general, it appears as if albedo and tht'rmal inertia

and albtxto. 0(X)I < I _ 0.017 and 0.2 :_ .4 _0.4. arc not dept,ndcnt on onh" ont. and the same i)iop-
were comparable for both missions. AKain, thcrmal erty of the Martian soil.
ft_dures were visible at the limit of the spatial

resolution. (4) At the limit of rcso!ution of the radiometer, there

arc many areas that differ significantly from their

' t2) The dust storm changed the thermal picture of surroundings. These differences, however, are plan-

Mars radically. At the observed height of the storm, sibly explained in tcm_,s of modest variations in

the average davside temlx'raturt.-s of the planet therm,d inertia, bolometric albcdo, and topographic
, were lower by about 20:K than without the dust slopes without having to invoke intcrnal heat

storz}L sources.

(3) Over large-scale ph.vsiographic visual features, nc _5) The surface pal_icle sizes derived from the observed

univoc-,d correlation between alhedo and thermal thermal inertias :arv between 0.006 cm and 0.5 cm,

• l inertia seems to exist. In the snmll scale, fluctua- a range wider than previously estimated.

-I
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XXli. Mariner 9 Ultraviolet SpectrometerExperiment:
Afternoon Terminator Observations of Mars

J. M. Ajello and A. L. Lane
Jet PropulsionLaboratory/CaliforniaInstituteof Technology,Pasadena,California91103

C. W. Herd, C. A. Barth, and A. I. Stewart
• Laboratoryfor AtmosphericandSpacePhysics
! Universityof Colorado,Boulder,Colorado80302

Durin_ the Mariner 9 mission, there were . prox- advance of spring in the north. At the same time, the
imatcly 200 observations of the Martian evening t, vilight lower atmosphere began to clear from the dusty condi-
In these observations, the motion of the Mariner space- tions of the early mission.
craft swept the field of view of the Mariner 9 ultraviolet
spectrometer across the terminator. During these tt rmina- The modeling and interpretation of twilight data have
tor crossings, the ultraviolet spectrometer obtained a been described in detailin Re£ XXII-7. Determination of
complete spectrum each 3 see covering the wavelength altitude distributions for absorbing and scattering con-
interval from 1100 to 3400 A at 15-A. resolution. For this stituents from Earth-based observations of the Earth's

initial analysis of ultraviolet spectrometer terminator twilight have been carried out by a number of authors
data, the variation in intensity observed in a 100-A wave- (e.g., Refs. XXII-8 and XXII-9). Terminator obseIwations
length band centered at 3050 A is considered. Data points provide a measure of atmospheric properties down to an '.
shown i=;subsequent figures are plotted each 9 see, which altitude where the incident extinction optical path to the '
is adequate to show the gross variations described here. scatterers, along the instrument's line of sight, becomes _;2

greater than one. !_

Some previo'as results from other phases of the Mariner 9 ._
ultraviolet experiment are described by Barth et al. (Refs. iXXII-1 and XXII-2), Herd et al. (Refs. XXII-3 and A. Terminator Model

XXII-4), Lane et al. (Ref. XXII-5), and Stewart et al. The Mars terminator, as observed at 3050 A, is quite ,
(Ref. XXII-6). dim compared with the intensities expected from a put "" -_

-|scattering, optically thick model, indicating that nm!; 9=, 1: During the mission, the geographical point of the ter- scattering is not important. The lack of z mvlup._-

minator crossing moved, i,_ general, northward with the scattering correction may effect the interpretation for ":_

t
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large solar depressions angles. _ > 5". None of the i,ater- the laver ill kdometcrs: and 7_.. tile scatteri:ag optical
pretadons _ix'en here depend critic.tll.v upon data ob- t_'_-'kness.
tained at large solar depressi,vt al_gles. As tile optical I;

depths at," not large, refraetimz effects are also negk'cted. For the homogeneous model, the predicted reflcctivity is t.
I
I

The gcometry of obser_ atien is shown in Fig. XXII-1. p(c ),7,
where 9 is the emission angle. O. is the solar incidence R - 4_3! expl-x_:./2_[1 - expt- 731}] (1_ [
anqlc. _ is the solar depression angle. R.. is equal to tbc

radius of .Mars. and 6 is equal to the s'appleoaent of the where p_¢ _is the phase function of the s_attercrs. 31 ix an
scattering an_le. It is convenient to use the- quantities air mass factor, and x = R/H. The value of R from !

' t, = cos 0 anti t_,.= cos 0,,, where fl = 't_,' f,.)r small /3. Equation tl) is to be comp;ued with the measured refit,(.'- i

, tivity, which is intensitx multiplied by _ and dividt, d lw

In this discussion, ultraviolet spectrometer twilight the solar flux. The air mass. correct to 0.1%. is given byi
measurements will be interpreted in terms of taro smlple
models. For the first model, the atmosphere is _tssumed .11= t-_.x/2) - [1 -' erf(xm,/z) -] tl/_Jexp (- xt,:,/2_

to be homogeneous and to have a constant sc_de height, t2_
Under these conditions, three independent parameters
that describe the atmosphere are the scale height. H; the
total vertical extinction optical depth. 7: and the effective and is defined as the number of vertical optical depths
single scattering albedo, _. The secol_d model, in addi- traversed by a 3050-A photon along a path tangent to
tion to the homogeneous lower atmosphere of the first the sur{ac," and singly scattered into the spectrometer's

" field of view. The error function is represented by erf.
model, has a pure scattering layer. The parameters neces- For a t3"plcai Mars s_ale height of 10 kin..'d varies from
sarv to specify the scattering layer are Z, the height of 23 for zero solar depression an_le to 46 as the solar de-
the bottom of the scattering laver above the level where
total slant incident optical path is 1; h, the thickness of pression angle increases. When the maximum optical

path 731 becomes greater than 1. the predicted reflectiv-
i it3' is insensitive to extinction optical depth, r. and, there-
i ,, _ fore, to the absolute altitude measured from the surface

R of Mars. In tiffs case, the predicted reflectivity is corn-
, pletely specified by r,,,and H. The dominant dependence

of R is in the factor exp (- x_':i/2), which represents the
decrease in intensity as the shadow height (Rpt_/2) in-
creases with increasing solar depression angle.

•. F Figure XXII-2 shows the homogeneous terminator
model for different values of r_,,and r [o_ an atmosphere
having a 10-kin scale height. For pure molecular scatter- i
ing from a 5-rob CO.. atmosphere, r = 0.027 at 3050 A.
The coincidence of these models as the solar depression

angle increases is a consequence of all models having the

same scale height. The slope of reflectivity as a function
of the square of solar depression angle, f12_ o/_',, on a

semilogarithmie scale is a measure of scale height.

The effect of adding an additional pure absorption
component with a scale height, H.t, different from that
of the homogeneous part is shown in Fig. XXII-3. Values
of ,'_°are given at au extinction optical depth of 1 mea-
sured from the top of the atmosphere. This model, which

Fig. XXII-I. Geometryofterminatorobservations.Thesolarflux, corresponds to absorbing dust mixed ,.'n decreasing rela-F, is scatteredby the atmosphereof Mars,and the resulting
reflectivity, R, is measured by the Mariner 9 ultraviolet tire amount at higher altitudes, is not found to improve
spectrometer, agreement materiaUy with observation.
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Fig. XXII-2. Model twilight reflectivity for a homogeneous atmosphere with H : 10 km, for i
different values of the single scattadng albedo, _,; and vertical extinction optical thick-
nessT. The horizontalaxis is/_oz, which is equal to the square of the solar depressionangle.
Multiplying the abscissavalue of Fo-_× 103 by 1.7 gives the geometrical shadow height in
kilometers.Vertical viewing is assumed, I.e., F: 1.
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Fig. XXlI-3. Modeltwilight reflectivity for a two.component atmosphere.
The vertical optical depth is 1; the scale height is 10 km.

Twilight observations made in the mid-latitudes show order to explain these large apparent scale heights with

a relatively slow decrease in reflectivity with solar de- a spherically symmetric atmosphere, it is necessary for

pression angle. If these terminator crossings are inter- a high-altitude scattering layer to exist.

preted in terms of a homogeneous model, the apparent

scale heights are on tb."_order of 20 or 30 km, which are Figure XXII-4 shows model terminator reflectivities

physically unreasonable values. A scale height of 10 km for several values of the homogeneous lower atmosphere

corresponds to a terminator temperature of 190°K. In parameters, r and To, and varying values of the scattering
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Fig, XXlI-4. Modeltwilight reflectivityfor a scatteringlayerabovea homogeneouslower
atmosphere,The altitudeof the scatteringlayerabovethe surfaceof the planetis desig-
natedby ALT.

layer parameters, ft., h, and Z. A scale height of 10 km tor and cause the apparent scale height to be larger than
is assumed for all of the lower atmosphere models, and predicted by the simple model used here.
p(_) is taken to be 1 for both the lower atmosphere and
the scattering layer. For the scattering layer, ;_ = 1.

If the scattering layer is placed too low, Z < 20 kin,
then atmospheric extinction reduces the predicted in-

The scattering layer model is of the right shape and tensity below the observations for large solar depression
magnitude to reproduce the terminator data, if r_,_ 0.005. angles, i.e., large values of tx_. Mariner 9 television pie-
For rL > 0.02, the apparent scale height of the predicted tures (Ref. XXII-10) of Mars obtained during the dust
reflectivity is too small, i.e., the falloff of the predicted storm also place the scattering layer at about 20 km

intensity with g_ is too steep. This is because most of the above slant optical depth one. Thus, the Mariner 9 ultra-
direct radiation is scattered out of the incident solar violet spectrometer data of the terminator during the
beam before reaching a large value of/_. On the other dust storm is consistent with these results with Z = 20
hand, if rL < 0.002, the predicted signal from the layer km, ra = 0.005, r = 1, h = 5 kin, and ;o = 0.1. The van-
is too small to ,'eproduce the measured data. Values of ishing of the scattering layer over the ncrff polar cap,

-: the scattering layer optical thickness, r,., tend to be upper which is shown in the Mariner 9 _r,levision i,_ctures (Ref. :

limits, as effects of multiple scattering and refraction XXII-11), is also evident_.in the ult,aviolet spectrometer i!i:
both tend to increase the brightness beyond the termina- observations. ,
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Since the tangent c_tinc.tion optical path. rM. i4 ,:,reah.r At the tt'rminat()r, the- reflectivity is ccmtrolled I)_ the,
than one. it is not pos._ibh' to place the absolute altitude eth'ctiv(, single scatterin_ albt.do. ,,";...Durin_ tht, du_t

: o1:the ._catterin_ lav_'r on the basis of these data alolw, storm, tht' slant c,ptical path. _31. was much greater th,u,

Acoordinatt.d 31,rimrgcxperinlt',.tt usin_ emnhint.d data unity and even in the later revolutions up to 216.
from the radio occultation expt'rim_'nt _Ref. XXII-I:2). r.a.I_ 1.5. Under tlwse conditions where r3I is la_t. ,rod ]'-
the televi.qon experiment IRef XXII-II}L and the ultra- 3050-A radiation do-s not reach the surface. Equation I I_
violet spectrometer experiment 91ace tile altitude of tile mav be solved for the sin_h, scattering albedo, giving [i
scattering lavt'r at 7(1kin. The procedure was to use the

altitude of maximnm ionospheric electron density as an 1!
absolute altitude refcrence. This alhtude was determined 4t,31R It

o';,,- t31
I accurately by the radio occultation e_:periment and was IJt¢l

also st'en bv tilt. ultraviolet spectrometer as the region
i of maximum ionospheric ultraviolet t'mission. Since the

ultraviolet spectrometer was boresi-J_tcd with the Mar- In Figs. XXII-6 and XXII-7. ;:;.,,is plotted as a function
iner television cameras, an absolute altitude could be of revolutiola and latitude assuming a Rayleigb phase
assigned to the limb haze or scattering laver seen in a function. The effective albedo increased slowh" until

limb television piCtUre. By fixing: the scattering layer at about revolution 130, when the observations passed into
an altitude of 70 kin. a quantitative cstimate of the the polar hood region and there was a large increase in
extinction optical depth of tile atmosphere can be made. si_;nal. Tile change is associated with either a wahine of
The optical depths and revolution number are listed in the dust storm m time or/and a latitudinal effect ;ndieat-

Table XXII-I. ing clearer air in the north. The effective albedo is phys-
ically meaningful only for a homogeneous atmosphere.

TableXXlI-1. Verticalextinctionopticaldepthof the Martian
atmosphereasa functionof revolution,assuming

constantscatteringlayeraltitude Figures XXII-8 through XXI1-17 show detailed model-
ing of individual ter:alinator crossings. Tile individual

Rev,_h,tion r twilight observations subdivide into distinctive time
periods on the basis of brightness at the termim,tor and

34 2.0 apparent scale height.
60 1.5

72 0.5

19.(_ o.2 Measurements made from November 15, 1971, to

15o o.I December 15, 1971, revolutions 6 to 64, are very similar
in shape and intensity. These terminator crossin_;s oc-166 o.|
curred during the height of the dust storm at latitudes
of -20 ° and _10 °. The shape of the reflectivity curve
as a function of p,_indicates the predominant part of the

B. Data signal is due to scattering from an optically thin haze of
scattering optical depth 0,005 at an altitude of 60 to 90 km

A sumnhtry of results for the period from November 13, above the surface. The effect of the dust storm is ap-
1971, to February 12, 1972, is given here. It is con- parent for _,_> 0.01 as the lower atmosphere begins to
venient to express the time of observation in terms of the occult the scattering layer. The effect is diminution in
spacecraft orbit or revolution number. Mariner 9 orbited the amount of solar flux reaching the scattering layer and
Mars twice each day, and the results reported here are a corresponding decrease in the reflected signal. This
from the even revolutions when nearly all of the twilight effect depends on the scale height of the absorbing
data were obtained. Data from revolution 2 were ob- speLies in the atmosphere and indicates dust was uni-
tained on November 13, 1971, and data from revolution formly mixed with the molecular atmosphere, since the
182 on February 12, 1972. The latitudes and longitudes measured scale height is 9 -4-1 km. Assuming a homo-
of the terminator observations as a function of revolution geneous atmosphere, the effective single scattering albedo
are indicated in Fig. XXII-5. Ninety percent of the after, at the temlinator i3 0.2. About half of the reflectivity may

noon terminator crossings have ¢ = 98 ° ±2 °, and _t is be ascribed to the scattering layer, For large _._,,_,> 0.10,

generally 0.85 _0.15. all the signal may be attributed to the scattering layer. , ',
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Fig. XXlI.5. Latitudes and longitudes of afternoon terminator observations.
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Fig. XXd.6. Effective single scattering alMdo, To, as • function of orbital revolution.
Revolution 2 corresponds in time to November 13, 1971; revolution 182 corresponds to
February 12, 1972. ,,l,"
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Fig. XXII-7. Effective single scattering albedo, _,, as a function of latitude.

lO-2
• DATA

R ) LATITUDE" -3°

RLI MODEL LONGITUDE= 322°RA _, _, 99.89°
P-= 0.95

\ ....

10"4 I I I _ I 1 I I I I
0 2 4 6 8 10 12 14 16 18 20

p.2 xl0 3 "

Fig. )0(11.8. Terminator observationon revolution 34 with the following model. Tt, = 0.005,
_o = 0.08, h = 3.5 km, H = 9.5 km, Z = 20 kin. The lower atmosphere component is indi-
cated by RA;the scattering layer contribution is indicated by RL, Combining these two com-
ponents givesthe compositemodel R. The effect of the lower atmosphere upon the scatter-
ing layer signal by absorption has been considered. Effectively, the illumination of the
scattering layer at large solar depressionangles is reduced by lower atmosphere absorp-
tion, The reduction in illumination of the lower atmosphere by the scattering layer is
negligible. A reduction in the illumination of the scattering layer by its own absorption is
sizable for small solar depression anglesand has been considered.
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Fig. XXII-9. Terminator observation on revolution 60 with the following model:
_'L = 0.005, (,'_,,= 0.08, h = 3 kin, H = 10 kin, Z = 25 kin.
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1
Fig. }0(11-10. Terminator observation on revolution 72 with the following model: ._

rl. = 0.005, _,, = 0.08, h = 3 km, H = 10 km, Z = 39 km. :_
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Fig. XXII-11. Terminator observation on revolution 120 with the following model:

TI, = 0.004, ,,';,,= 0.09, h = 4 km, H = 10 kin, Z = 48 km.

MODEL LONGITUDE = 199°

= 96.26 °

/_ = 0.89

10"3

0

I " • !I0"4 L, J____
0 2 4 6 8 10 12 14 16 18 20

/_02x 103

Fig. XXII-12. Terminator observation on revolution 132 with the following models: (I) T =

0.027, _,, = 0,7_ H = 9 km; (11) T _ 0.1, 5o = 0.42, H = 10 kin. The two models nearly

coincide except for #_)_ < 10 -,_.
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Fig. XXII-13. Terminator observation on revolution 140 with the following models: (I) T =

0.027, _,'_,,= 0.74, H = 8.5 kin; (II) T -_ 0.1, o-_ : 0.43, R = 9.0 km. The two models nearly
coincide.

10-2 /
DATA• LATITUDE = 46°

'- R ] LONGITUDE = 107Q

- RL_} MODEL _ = 96.28 °

10-3 "

I 0I4 I I I I I I _I I I ¢
0 2 4 6 8 10 12 14 16 18 20 r

/_2 xlO 3 l

Fig. XXII.14. Terminator observation on revolution 150 with the following model: _'

% = 0.005, _, = 0.2, h = 4.5 kin, H = 10 km, Z = 55 km.
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Fig.XXII-I5. Termina_er observation on revolul;on 166 with the following model:
_L = 0.005, _._ = 0.16, h = 4 km, H = 1_, km, Z = 55 km. !
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Fig. XXII-16. Terminator observation on revolution 156 with the following model:

r > 0.I, _,';_= 0.4, H = 6 km.
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Fig. XXII-17. Terminator observation on revolution 160 with the following me-*el:
.- > 0.1, ,.,. = 0.36, H = 6 km.

Two typical terminator observations arc shown in of the haze is in the 50" -5: region. For these revolu-
Fig,. XXIi-S and XXII-9. which ,fit" revolutions .';4 and tions, the point (_ terminator erossin_ was movin_ north-
(30. rcspcctivclv, l_t,vol,ltion 34 data indicate a value (ff ward and tilt' measured scale hci_ilts wt'rc 9 --__1kin.

_.I.(._Sl(u ,.':. TIw laver is almut 20 km alcove the level

where tht" ._lant optical dcpth is 1. The albedo for single scatterin_ has increased to a

value of about 0.4. Plotted ill Figs. XXII -__ and XXII-13

I l)at:l ol_tained for revolutitms 66 to 126 covercd tilt" are data from revolutions 13° and 140. Two possible
time pcrind trom December If.,. 1971. to January 15. 1972. homo_t,neous atmo_,pht're model fits t_l the data art. pre-

Thcs(. terminat_sr observations occur in the 10°N to 40:N sentcd. The shape of the telminator obsen'ation is
rc_ion. For values of tL-"> 0.()I, the apl)arent scalc hei,_ht indcpehdent of extinction optical depth for r > 0.1.
is vt'rv la_,4e, ll _ 2(I kin. Tilt, interprctation of this result

is that the dust storm is diminishing in intensity, and
the total vertical absorption optical depth is decreasing. Data from revolutions 148 to 182 were obtained for
The al_sorption ot the solar radiation I)v tiae lower atmo- the time period from January 2 to February 12. 197o.

sphere is nlinimal u1) to the largest depression angles Figures XXII-14 and XXII-15, revolutions 150 and 166,
ol)scrvcd hv .'tlariner 9. Thus, tlw scatterin_ from the respeetivel.v, were terminator ol)servations south of 50"N !
layer is cssentially independent of the homogeneous atmo- and indicate the continued presence of a scattering lc,?'er. "

sphere, Two typical terminator obsc:'vations during this They also indicate a clearer atmosphere, as is denoted
period are during revolutions 72 and 120. They are shown by the increasing value of ;,,,. Figures XXII-16 and
in Figs. '_XII-10 and XXII-11. Note the apparent scale XX!I-17 show two observations, taken north of tl,'?_polar "_

height ot the signal for large/J: has increased from the hood, of the twilight during this time period. Observa-
previous period, tions during this period can be modeled with a homo- :

geneous atmosphere having a 6- to 8-kin scale height,
Data c :tined for revolutions 128 to 146 covered the an albedo for single scattering in the limits of J

time period from J;muary 16 to January 25, 1972. For these 0.3 < ,;o < 0.5, and an extinction optical depth in the 'i
revolutions, the point of terminator crossing is at the limits 0.05 < r < 0.15. From the shape of tl,.: reflectivity- ..
edge of the north polar hood. This region serves as a vs-i,_ curve for the terminator observations northward of -_
transition zone. The dust storm is subsiding, and the 55°N, there is 1:_ indication of the presence of a scatter- ;o
intensity of the scattering from the layer is less, The edge ing layer. -

JPLTECHNICALREPORT32-1§50, VOL.IV 351

•. . . ,.,.,.... _ "..',_ _,

_ rll I I I III I" " '1 ' i = '' IU • ' , ,-=-,'_.._ 7 _.'. ,,, . ¢ ' t

1973023947-362



i ; I_!1

!
C. _ummary XXll-l.tJ_. Detached Im_t" layers ,tt tilt" tt'rmiu,ttt_r w,..n. "

ol_st,rx-_xl i)y the 31ari,er 9 telcvisitm cameras tRcf.
It is possible to model the ultravioht terminator XXI!-I,'::. t.

ol)scrvations of Mariner 9 citl,,,r with -t homogeneous !i

atmosphere u, _ith a scatterh,g Io.vt'r _9. adrlitinn to a C],3ut]s :'.tv.'::t,.'r __'.,3.'sta!snr ,'.ulm,_ dioxith- ice ,try" ia
holllO_UlleOllS atmosphere. The characteristic shape of tilt" prol)al)h, scatterer._ that explain the" lar_t' appart.nt I_I
the twilight intensity variation is dcpecdent on tl-e lati- scak, ht,i_ht in .klartian twilight at :3tl.StlA. Jl
tude of ohservation. Observations north of 55"N require

a honogeneous model. Twilight measurements south of Durin-_ the dust storm, tile profiles of relh'ctivity as ;: v_

55°N indicate that a scatterin_ l,:ycr may he a _cneral function of e-" indicated a xerti(.,_! extinction _p,tcity oi _
.Martin,', t_ccurrcncc, at least in the evcnin-_. The dry-to- 1 _o 2. a sin,.zh' scatterin,_ .dhcdo of about 0.IIS. and a

dax surveillanot" of the .Martian terminator durin_ tile scale hei,.d_t of 9 "-1 kin. By rt,volutic -_ l:_ll. January 17. I;: first 216 Mariuer 9 rcvohltions indimltes haze formation
1972, the atmosF,here showed .narl,txl ch'arin_ t.ither v

in the evt.ninK, and its continued presence until earh" hccause of a wanin.- of thp dust storm or hecaust, _f a M

• mornin_ is ._daily occurrence in mid-latitudes up to 50-'N. clcar_.r atmospht.re at northern lalitud_-s. By rt-volutio,_ ,
150. f"ehruarv 10. 19;'2. the albtxlo for sin_h" scatterin,.: !"

The f_,nnation of hazt.s, scattering layers, or condensate had values hetwecn 0.3 and 0.5. iudic_din-_ the (_mtinued

i clouds in tile Martian atmosphere is not a new concept, presence of absorbin_ dust in the atmosphere. The ver-
Some ot these layers have bt,cz_ variously identified as ti(-al ,xtinction optical depth at that time was 0.1 __-0.C5.t
the blue clouds or violet h::ze (Rcfs. XXII-13 through which i._ about three times the clear atmosphere value, i

I

t

i

l
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, XXlil. Mariner 9 Ultraviolet Spectrometer Experiment:
i Mars Atomic Oxygen 1304-A Emission

D. J. Strickland, A. I. Stewart, C. A. Barth, and C. W. Hord
Departmentof Astro-GeophysicsandLaboratoryfor Atmospher,candSpacePhystcs
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I
Tt,c Mariner 9 Of 1304-A data provide the opportunity In this section, selected 1304-_, data are presented and

to study temporal and geographical variations in the dis- anah'zed for both the bright limb and disk of Mars. They
tribution of atomic oxygen O in the Martian thermosphere were recorded in first order by the short wavelength (G)
IRefs. XXIII-1 and XXIII-2_. Previously deduced values channel of the ultraviolet spectrometer. The data con-
of the O concentration can also be refined (Refs. XXIII-3 sidercd are from even-numbered orbits 6 through 98,

through XXIII-61. Atomic oxygen has been known to be a between November 17 aad December 31, 1971. More
minor constituent in the Martian Iow,,r thermosphere than 30 useful limb profiles are available for the time

since interpretation of the Mariner 4 dual-frequency interval considered, and disk data are available for
S-band occultation data (see, e.g., Refs. XXIII-7 and nearly all even passes.
XXIII-SL This inference has inspired considerable re-
search efforts aimed at explaining why the .Martian Strickland et al. (Ref. XXIII-6; hereafter referred to as
thermosphere is largely undissoeiated (Rcfs. XXIII-9 and STS) concluded that resonance scattering of the solar
XXIII-10). At present t]- re is no generally accepted 1304-:_,flux is responsible for most of the 1304-t_,intensity
theory to explain the stability of the CO_.-dominated atmo- from Mars. The intensity is then a function primarily of:
sphere. Strong vertical mixingby small-scale turbulence or (1_ the O density ([O1) specified at some reference alti-
so-called eddy mixing has been invoked in most recent tude, (2) the thermospheric temperature profile, and
efforts. On the other hand, global transport of O from the (3) the solar 1304-A fluxes at line center. The emergent
daysidc to the nightside has been suggested by Dickinson 1304-]_ flux is rather insen.,,itive to the densities of O in
(Ref. XXIII-II; also see Ref. XXIII-12) as a mechanism the lower thermosphere and, hence, to the altitude of the

for removing O and CO and maintaining relatively high tnrbopause. These parameters vmy in their degree of
CO. concentrations on the dayside for Venus and Mars. importance to the intensity from limb to disk. Limb inten-
One key to the significance of global transport is the sities contain useful information both in tl:_,: _hape and
geographical distribution and local time variations in O. overall magnitude. The shape depends on (1) and (2),
A goal of this work will be to provide information of this either of which can be determined from the shape alone
nature, if the other parameter is given. For a given value of [O]
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and temperahlr¢, protile, the magnitude oi the intensity ionospherw peak situuted ii,:'ar thi_ ,altitude The O den- o
it directly pmporti_mal to _3_. the _olar 1304-.k. fluxes, sit>' for the models shown is ahout le; of the total density ,,
The disk intensity it much less sensitive to _I_ and (2) and, at 135 kin. The c't)ncentr "tion of O will be referenced as a

,:i,nilar to the limb intensity, is directly proportional to percentage at 1.3.5km, the convention used by Thomas
{3t It is, thus. h'ss feasible to estimate either the absolute tl_t.[. XXIII-4;. O,ne e:dc_:!::ti-n wa_ performed in which
O concentration or temperature information from disk the atomic oxygen assumed the scale height of CO: below
da'a. especially in the absence of precise knowledge of a hypothetical tnrbopause at 150 km.
the solar 1304-A tluxes, llowever, impmtant information

, on relative variations in [OI can be obtained from disk

data without precise information on (3), provided the B. Theory
s_d,u-fluxes are constant with time during the collection of The assumptions made and techniques used to calculate

i ,-lataconsidered. the theoretical intensities are described bv STS in their _:

analysis of Mariner 6 and 7 data. The geometrical informa- t
i, Before presenting, the results of the Mari_er 9 1304-._ tion given in the Appendix is also used. Sources of excita- t"

data analysis, atmospheric modeling and sources of exci- tion incorporated into the theory are: (1) the solar 1304-./k I
ration considered in the theol T are discussed. This is fluxes and 12)photoelectron impact on O (e on O). Relative i

t followed by an analysis of limb and disk data. The last _trengths ,rod widths of the sob.r lines are given by STS. i
i part summarizes the results obtained from the first The excitation rate for e on O is parameterized in terms i

1(_)passes. Geometrical parameters used are discussed in of a o-value defined by
the Appendix to this section, i

5J'" (z.:,,) = [Ol: _[N(z4,,il i

h. Model Atmospheres where S,/" tz.:,.l i.-, the volume production rate (excita- I
Donsity profiles for O and CO. and their corresponding tions-cm '-see-') at altitude z and at the solar _.zenithangle

temperature profiles are given in Fig. XXIlI-1, in which (SZA) gi,'en by its cosine, it,, and N is the total slant
diffusive equilibrium is assumed at all ahitudes. The tern- column den,_itv. The shape of g is given in STS and comes

perature profiles are adapted from those calculated by from unpublished theoretical worl," by A. I. Stewart. Two
Stewart (Ref. XXIII-13). At 135 kin. the CO- column values of -(N = 0) have been considered. One value,
density is about 4 × 10": em :, appropriate for the F1 taken from STS, is 3.6 × 10-" at 1 ARC;.and the other

value is four times larger. The smaller value was derivedTttC,.PERATU_E, *'g

hv STS from Earth dayglow data and is consistent with100 200 _ 400 500

'"x_' "k,' ' _\' ' ' ] ' 'C' ' ' .... the calculated e on O cross section of Rountree and

3_ s_ " Henry (Ref. XXIII-14). The larger value is consistent

400 so0. 3000 - with the revised measured e on 0 cross section of Zipf

i__ s_ i and St°he (pers°nal c°mmunicati°n)" The °riginal cr°ss

section is given by Zipf and Stone in Ref. XXIII-15. As
will become clear, the uncertainty in the true value of g
does not seriously affect the conclusions drawn in this
analysis. This is because our preferred values of the O

- - i density are such that e on O is not an important excita-
tion mechanism. For details of the theory, the reader is

referred to STS.o_ C. Limbbata andAnalysis

_0c- ,T,_,-"- e e _ Io t2_ Figure XXIII-2 shows 1304-:_, limb clara for selectedpasses. The altitude scale refers to the point of closest
_"_t0_Ns_rv),_,,-a approach or tangent point for the line of sight. Each of

Fig.XXlII-1. Modelatmosphereswith exospherictemperatures the three profiles shown was obtained by averaging data
of 300. and350.K forMars.The0 densityis about1% ineach for the given passes.Pertinent geometrical information is
modelat the altitude (about135 km) wherethe CO. column given in Table XXIII-1. Each data value used in the
density is 4 x 10_¢,cm-:, averaging was obtained by subtracting a constant noise

¢
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co0 I i _ i l i',, I , , '1 , , ,Iq Figure XXIll-3 provides a comparison between the "
.Uarincr 7 and Mariner 9 limb data. The Mariner 7 profile

was obtained by averaging the data from the two I:
.... Mariner 7 limb crossings. Each data value was obtained

-'" • by the same lpast-squares method described above, with

a o • one spectrum rather than five spectra considered. The
•O

o • z_ estm_ates ot the intensity from the same raw data by STS
-'00 ea are based on a more detailed statistical treatment. The

• _ Mariner 9 protile was obtained 1)y averaging the profiles
' .o a in Fig. XXIII-2. The Mari.er 9 data are 20 to 30_
; _ o a A O • greater below 250 km. The calculations of STS show

_" or. that an increase in the 0 density of more than an order of

; _-__o_ o P_ssEss_, _, a0 _/x magnitude would be required to explain this. It is more
t ._ • t,,,,ssEs50,5s, _o o a "

• ix likely that the increase arises from changes in the solar '
Ix p_,ssEs66,70,74 • oa 13(14-:_ fluxes, or from differences in the calibration of

2oo_- _ the two instruments at 1304 A. Part of the disagreement ,

may also I)e statistical in origin.
t t

" o A comparison of the overall shapes ot the two sets of
_0o _A_ data suggests that tl_e exospheric temperature at the timeod,

• _ of the Mariner 9 observations was, if anything, less than i
o Lx the 350"K deduced from the Mariner 6 and 7 observa-

• Ix tions (Refs. "'KIII-13 and XXIII-16). Lower temperatures
0 I I I ! I'111 I I I I , I ,I,

0.01 0.1 1.0

IN'IENSt'P¢, kR 600 ! i I I t , , I ] ' ' I " I I 1 I I "1 1 _

Fig. XXIII-2. Mariner 9 limb data. Each set was obtainedby
averagingdataforthe passesindicated,

500 • &
TableXXIII-I. Geometricalinformationassociatedwiththe A •

limbdatainFig.XXIII-2 • A

500 km 100km 4oo • _xA•
Passes A •

SZA Local time SZA Local time Latitude A FIG.XX|II-2AVERAGED A •

86-41) 86" 10:00A.M. 34* 10:10 A.M, -45* ,_
30C • MARINER 7 _1,

56--60 86* 10:00 A.M. 34" 10:10 A,M. -45* ...

66-74 31" 10:00A.M. 16" ! 1:10 A.M. - 5* • A

200 • Zl

background and fitting a triangular function by a least- • A• A
squares metimd to the 1304-A feature for five successive • a

spectra. The assumption of normal statistics is implied in • A
this method of estimating the intensity, i.e,, the assump- 10o • A --• A
tion that, for a given incident intensity, the statistical J

distrihution in the instrumental response is symmetric I a
&

(and Gaussian) about its mean. Some statistical bias or , , , , , ,,,I i ' ' ' _,L
asymmetry was, however, observed by STS in the °o.oI o.1 1.o
Mariner 6 and 7 instruments at low signal levels. We make ,Nn_s,_, _R

the reasonable assumption that a similar statistical bias Fig. XXlII-3. Mariner 7 and 9 limb data. Mariner 7 data were
exists in the Mariner 9 instrument, since all three are of obtainedbyaveragingthe data from bothof its limbcrossings.
the same type, This effect is discussed. The Mariner9 data are the averageof the data In Fig.XXlII-2.
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-',x,'r.tgin_ 3'_5°1q._ are ak. indicated l)v .'_larincs ,9 UVb coo I { I I I ! ' , [ ! I , I , I t ;' ll
mt.a_urements of the so,de height .t tilt" CO Cameron tl
hands _Ret. XXIII-17L Cah.-ulations presented here are _- L'

.. for models with exospheric temperatures of 30tI°K and x_X x I'!

:3.5()°K. _o - _oo.x ,_ X X
To interpret tlw limb (tata. theorctie,d intensities have _ __

been fitted to the data l)v a least-squares technique. Tht E

' int( nsitv is _ ]i

4'

: 4-ItT,:, p. h_ = 4.--I;..IT,. p. h_ + ('4-I.1"/',. p. h', _oo

where I_, and ._ refer to the e on O and solar 130-_-._ 0 t I I I I I
0.01 O.I _.0

sources. Tile arguments are: T,, the exo._pheric tempera- ,m_Ns,r_._

• ture assumed in the model atmosl)here: p, the percent of Fig. XXIII-4. Example of a best fit to the data between 200 and
O at 135 km in the model: and h. the altitude at the limb 500 km for passes66, 70, and74. The chosenexospheric tern-

• tangent point. The parameter c is the same one appearin_ perature is 3000K. The lower profile has the shape of the limb
in STS and scales tile solar 1304-A fluxes. It is determined intensity predicted for dissociative excitation of CO. assuming
by the fit and equals nllitv for the values observed by no multiple scattering. "thedashed portion of the fit is obtained
Hall and ltinteregger (Ref. XXIII-1SL The magnitude of by adding the dissociative excitation component to the multiple

scatteredcomponent.
4"-:l:_is determined 1)v the choice of _;,A,V_and the argu-
ments indicated. The .nagnitude of g is not varied in the

fitting procedure and equals 3.6 x 10 " at 1 AU except The possihility of a measucal_h" contribution bx (lisso-
where otherwise noted. The quantit.v minimized is: ciative excitation to the 1304-:\ limb intensity was con-

sidered by STS. but no firm conclusions were drawn due

E to insuffio;ent data fro,n Mariners" 6 and 7. The av,dlablew,.-ld..:.- 4-.I,.,_T,, I)_l" evi(h,ne¢' (in dissociative l)roee.s_es in CO. does not pre-
"_ elude a limb intensity of 2110R arising from these source_.

The index n spans tilt, number of passes considered, k Using the electron impact cros_ sections of Aje'lo (ReLXXIII-19_ and oi .Mumma ctal. _Ref. ,xLXIII-2n', ,re

specifies the altitude for pass n, and u',,- is the weighting calculate limb intensities in the optically thin ease of up

factor and has been chosen to vary inversely with the to 7(1R from photoeh,etron impact:
measured intensity, d,,,. Values of ft,; near zero are re-

moved to avoid unwanted weighting. CO:(X_) + c-_ CO + O(:S).

An example of a fit for 300*K to the data for passes 66. Transmission studies IRef. XXIII-211 suggest that this
70. and 74 is shown iu Fig. XXIII-4. The v-value yielding intensity woukl be reduced 20 to 30_i by resonance seat-
this fit is 0.56%. An important feature of this figure is the tering. The limb intensity for the spin-forbidden photo-
difference exhibited below 200 km between the data and dissociative process.

, the multiple scattering solution. The discrepancy strongly
suggests that we are observing a component of the 1304-._. COAX'X) + h,,_ C()tX'_)+ O('S)
intensity from dissociative exeitation of CO:, Such a
source shonld produce a significant fraction of its

l)ln)tons hevond the Doppler core of the resonance line _s negligibh,, ha_ed on the cross section measurements of
profile, and for that fraction, the resultant intensity will (;entieu and Mentall (Ref. XXIII-221. Xo measnrements
exhibit the characteristics of an optically thin emission, are availabh-, fi)c the spin-allowed process,
The expected profile for such an emission is included in

: Fig. XXIII-4. When tiffs profile with a peak intensity of CO:(XtX) + hu-_ CO(aql) + O(3S)
0.2 kR is added to the multiple scattered solution, the fit
is modified, as indicated by the broken line below 200 km but it woukl produce --I00 R on the limb if the cross
and resultsin an excellent overall fit, section were _I0 -_" era: in the range 150 to 350 A.

i

;
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l>}mt()n_ in thi,, x_axt.l(.n_th r,mgt, sh(mld produce a data were not considcled below :20Ukin. The lower part ,_
broader lint" thau the electron imp,tet mechanism, re- oi the ii_mv gives the root mean square tR.MSI error (in "l;
ducing still tarther the eltccts ot resonance scattering, kiloRayh.ighs_ versus p for 300* and .350*K. This is

Es;.imatc, ot p ,rod c tor the d.tta in Fig. XXIII-2 are _'_-_ -- 4=I"_- c4:rl:_)-' I_ "_.qmx_n in l:i_. XXIII-5. The fitting procedure described tl31S = w_Ld,, _ -_._ w,,_ t,

above was used and. I)ased on the results in Fig. XXIII-4. [!
The uplx'r part of the figure gives the value of c at each

i t0 _ p yielding the best fit. At 350"K. the best estimate of p I"
I_

i_ less than 0.2r,. If the statistical bins in the response Jl
; eharacteristics of the Mariner 9 instrument is similat to I"

_-_ 8 that of the 31arim'r 7 instrument, the least-squares esti- I
i mate ot p should be increased. The a,,alysis by STS, which !

I
1. included the effects of this statist'cal bias. gave a p-value t
i of hetween 0.5 and 1r, for the Mariner 7 limb data. The 1t

6 least-squares treatment of the same data gives smaller
' p-values. The quantitative differences between the two '
[ methods are showl, in Fig. XXIII-6. The two sets of '

l,.,I

4 closed contours are from STS, and the value assigned to i
each contour is the likelihood of the set (p, c) outside that t

!
- contour. Each set of contours has the form of a ridge. The ,

two additional lines in the figure are the tops of the
2 -- \_ ridges formed by similar sets of closed contours obtained

by the least-squares method. The arrows indicate the RMS

O PASSES36, 38, 40 .30(2°K
-" 0 O PASSES56,58,60

Q PASSES66, 70, 74 _ _ 3-r0*K
I I I I 1 I .3

I0 L" Ta_ = 350'*K

f MARINER 7

1.0
I_t LIMB CROSSING

_ 2nd LIMB CROSSING

0.08 _ /- 0.1
/ k %XI B'%# 0.32

C) / .\ ..'k ./

/ -: °' e,,:.¢-

/ U I.¢-- _/' •=
0.06 / _ , • -,-%•/ =

0.32 _ • _--S

0.04

0.75

0.02 I lill I I I I I t t_
o._ _.o !o oJ I L I I" "_ _,_1

I 2 3 4 5 6

PERCENTIOI c

Fig. XXIII-5. Resultsof least-squaresfitting theoreticallimb Fig.XXlII-6. Setsof contoursforthelikelihrmdfunctionfA_from
intensitiestothe threeaverageddataprofilesin Fig.XXlII-2.The STS and linesdenotingthe tops of ridgesfor similar setsof
rootmeansquare(RMS)error indicatesthe qualityof fit a,sdv. contoursobtaine(Iby least-squaresmethods.The arrowsmark
is the least.squaresparameterscalingthe theoreticalintensity the pointsfor which best least-squaresfits are achievedand
4,,,, TheRMSerrorandcare plottedagainstp, the percent[0] at areto becomparedwiththedotsspecifyingthe maximumvalues
135km. of(=_ '¢
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miuinmm. The displacmnent ol the lines Irmu the con- bia,;. There are, however, some p estimates ,;ignificantly

tour,, show,_ the degree to which the least-sq,mre_ esti- smaller and larger. Pas_ 78 yields a very small value, and

• maW', ot c are too large. The_. it the qatistical bias i_ pa_es .30 and 44 yield large values. The differences in the

similar ha ,Uarim'_ .9, Ihc cstimatcs nt p in Fi% XXIII-5 profiles between pass 78 and. for example, pass 30 are
should he. inc rcase'l perhaps ,is mut.h a_ a factor ot 2. and hn'ther illustrated hv considering the data for their l!imh

the c _,dues decreased hx a_ much a_ :2()',. \Vith this in protil-s in Fig. XXIlI-8. At 500 kin. the SZA's at the
; miud, tim be,;t p x'alu¢',; at 3000K from Fig. XXIlI-5 tangent point are 35" and 46 ° fro" pas_cs 30 and 78,

hi.come about 0.5 t_ 1' _. rt.sl)ectively .\t 100 kin, tilt" SZ:\'s ,ire 34 ° and .33°. Geo-
! metrical efh,ets are not responsible for the degree of dil- lj

There is ,l sutticimlt quaniity o! Mariner 9 13_14-:'\ limb fereuce observed. Either the noise characteristics of the [_
data to qudv pt_v;il_le xariatitms in the () distribution instrument have altered, or significant differences existed I;

with time..-\_ m_ initial etfort in this _tudy. R.MS profih, s in the O distrilmtions on these passes. I,c the data indicate

i }laX'_' }_t't'll obtained tor i3114-.-_, limb data from several the true trend :.n �0�|intensity, the3" lead to some
: indixidual pa,;,;es. The results are shown in Fig. XXIII-7. interestin;z implications regarding time variations in loss

The exospheric tt,mperature 3000K i,; assumed for all fits, proc.esscs for O. Variations in the exospheric temperature

and. as berlin', altitudes below 200 km are excluded. Data are not expeeted to be large enough to have much effect

[or 16 revolution,; mmll)ered hetween 26 and 78 are con- on the data. The topside plasma scale heights for passes

sidered. For the _ivcn temperatun,, most pas:.es vield 30 and 78 by Kliore et al, (Ref, XXIII-24) are not signifi-

estimates of near 0.5 to IC/-. allowing tot some statistical cantlv difterent from other values between these pusses.

The scale heights, however, were recorded at different

0.16 I geographical locations than the ultraviolet data. \Ve leave
to a future analysis a more detailed study of the data in

Fig. XXIII-8 and other suc'h data showing peculiar char-

0._' aeteristies.

e

0.12 /x •
IX

501 #X --
& Q

0.10 _ •

/x
40( IX

A
A

0.08 _ A •

g ao0f a _,.-- &•

< A
&e

0.06 &
/x

2O0 IX PASS78
• PASS 30

&

0,04 _ •

]00 &0

0.02i .'x
0._ _.0 10.0 ' A

0i I i I I I i liJ i I IOl i ill
PERCENTIOI 0.01 0.1 1.0 :

INTENSITY.kR {
Fig. XXlll-7. RMS profilesv_rsus p, the percent [0] at 135 km,
for an exospherlc temperature of 300°K. The results for 16 Fig.XXIII-8. Limb data from passes30 and 78. These data show
passes are shown between passes 26 and 78. Oata were con. the largest variations observed between limb profiles in the first
sldered between200 and 500 kin. 100 passes.
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The magnitude of tile ,_-value has been held fixed for _-value for e on O is in fact appropriate, there are gcod
the RMS results presented in this section. For the assumed reasons for preferring the smaller value. These reasons
value, best fits to the data are obtained for 7__ 0.5 to 1%. derive from the anah'sis by STS of observations of the

The thenrotical intensity ;_t such p-values is dominated by terrestrial 1304-A airglow using a Mariner-type instru-
resonantly scattered solar 1304-A photons. If the g-value meat.

; were increased hv a factor of 4 (see previous part of this

. section), the RMS results helow lc;- do not change signi- Neither the above conclusion:;, nor those to follow, are

: ficantly. Above Ic;. however, a second minimum occurs si_nificanth" affected by possible departures of the Om , .

! in the region of 5c;- with an RMS value comparable to distribution from diffusive equilibrium. \Ve have corn-
, the minimum value near 0.5c;. Figure XXIII-9 shows a pared intensities foi a iG IO] distribution in diffusive
i best fit for the region above lr; to the data from passes equilibrium with one that is identical above 150 km, but
1 66. 70. aim 74 hased on the larger _-value. The p-value is that assumes the scale height of [CO._.] below this alti-

5.6c;. and the resulting c-value is 0.95, giving solar tude. The latter distribution would be appropriate for a
1304-:_,fluxes cemparable to those measured by Hall and 150-kin turl)opause level. Limb intensities are within lc_
Iqinteregger (Ref. XXIII-18). The dominant source under of each other above 250 kin. Below this altitude, the
these conditions is excitation of O b.v photoelectrons, maximum difference is --5c; for the solar 1304-,_ cora-

l Without invoking the additional CO_. dissociative excita- ponent and about 15c;- for the smaller photoelectron
i tion source, the overall fit between 0 and 500 km in component. These small changes illustrate the fact that

Fig. XXIII-9 is superior to the fit in Fig. XXIII-4. in an optically thick medium, changes in the distribution
of the resonance scatter near the lower boundary have a

There are reasons for preferring the results in Fig. smalleffect an emergent intensities.
XXIII-9: the assumed R-value is consistent with Zipf and
Stone's revised e on O cross section; the solar fluxes are

consistent with the values measured by Hall and D. Disk Data and Analys_s
tliatcregger (Ref. XXIII-18): and an O concentration of

5% roads to less severe requirements on loss rates for A significant accomplishment of the ultraviolet spee-
d than does 0.5%. However, if the CO._.dissociative source trometer experiment is the ahilitv to observe individual

is included, the fit in Fig. XXIII-4 is snbstamially better features against a hright disk background. Figure XXIII-10
shows examples of 1304-,_ disk data together with thethan the fit in Fig. XXIII-9. Also, although the interpreta-

tion of the Mariner 9 data is amhiguous if the larger geometrical parameters describing the !ine of sight (see
Appendix) and selected theoretical intensities. Each data
value was obtained bv fitting a triangular function to the

_o I I I I : i II I I w i I t Ill sum of five successive spectra over the spectral range of
the 1R04-t_.feature. (The same method was used on the

_o - - data reported in the previous section.) The geometrical in-x
PASStS66,70,74 x formation applies to each of the selected passes, 30, 36. and

400- 3_K x ' 46 and to a similar 80 rain for all alternate passes between
24 and 60 with the exceptions of 42, 48. and 50. The

5.6% IOI

-_ 3_- X parameter p,, is the cosine of the SZA 4,; tt is the cosine
of a; and ¢, is the cone angle (see Fig. XXIII-16). The

a theoretical intensity is based on an atmospheric model
_ with an exospheric temperature of 300 ° and containing

1% [O]. The e on O g-value is 3.6 X 10-8 at 1 AU and
_00 the c-value is _4 for the solar 1304-,_ fluxes. The overall

shape o_ the theoretical profile is not sensitive to the
0 = _ i i , i i assumed model.

0.01 0,1 1.0

INTEN$11Y, kR

Figure XXIII-11 shows the variation in latitude and

Fig.XXlll-9. Exampleof a fit to thedata between0 and500 km longitude corresponding to the data in Fig. XXIII-10 forfor passes66, 70, and 74 withthe • on 0 g.valuefour times
largerthanassumedforthe resultsinFig.XXIII-4,Theassumed pass 30. Except for a shift along the longitude axis, passes
exospherictemperatureis 300% an_ the fit was obtainzdfor 36 and 46 have similar plots. The loagitude at the subsolar
5.6% [01. point is indicated in the figure at about 70* longitude. The
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100
0

; _u-d--u,.im-,-d----di....h...id,tulu.h..,..h 80 30

:' I 0 20 30 40 S0 60 70 80

1
¢.

b PASS 30 ., <, o

i o.1 , • -ao __1

- 60 -
• 0.01 .,,,,,d,,.,,,,d....... ,,h,,,.,.l.........I..... l,.,.,,d..........

- " -60 --

t 0 10 20 30 40 50 60 70 80

I

50 j
l

i

I "......._.........I'"I'""I........'i""'""i",'"'"'f'.......'I.........I""_ -9oi J , ] , i ,]
- PASS 36 "_ 360 300 240 180 120 60 0__ 1.0 ==" I WEST LONGITUDE

_ " ' -lil_P"/"_l % , Fig. XXIII-11. The variation in latitude and longitudefor pass 30

0.1 _ "_ _:,__ correspondingto the data in Fig. XXIII-IO. The subsolar point is

l" (:- . morning sid_ is to the left of the subsolar point.

o.ol........i.........I.........i.........I.........i,,.t.,,,.........i........,_i:.1
10 20 30 40 50 f,_ 70 80 tliligCiltial])" through the "itlnosl)hcie. Wl)on its roitii- '9

the bright disk, its motion was _ufficiently slow to obtain

useful limb data between 5.5 and 6(I rain. Examples of

["_r"""i"""i"'"""P""r"'l""""T""tU'l""""T'"""T '" liml) data for the given viewing eonditioll.s were alreadyPASS 46

1.0 ' ,I_-- tilliit'ai,'_,tll /i,/_ ; prt,se,ted in Fig. XXIII-2. The disk data past 65 rain
,till '=--*_rtF'_ I_: ',,'ere el)rained from the afternoon side aiid reach tilet:7_.lti-- ' t'_it" x

;i li _ "i111iI "_-I' backgroulld llolse level jlist past 80 rain. where the

0,01 .......l.........I.........I.........I .........I0_ .......I.........h,,_
0 l0 20 30 40 50 60 70 80 .'\ dhn'llal effe('t is exhibited in Fig. XXIII-10 based on

TIME,mln a comparison hetween the data and theory. The O con-
centration or temperature or both increase with local time

Fig. XXIII.IO. Oisk and limb data, theory and geometrical from the morning to tile evening terminator. The theoret-
parameters vs time for passes 30, 36, and 46. The theoretical ical intellsities in the figure have been fitted to the mid-
intensity is based on a model atmosphere having an exospheric
temperature of 300 ° and 1% [el. The paremeter u,,is the cosine morning data. Tile afternoon data, then, tend to be
of the SZA if,/_ is the cosine of _, and g, is the cone _, ._le (see above the theory, most noticeably for pass 46. To attribute

Fig,XXIII.A-2). tile above differences to local time effects alone may be
an ovcrsiml_fification. Latitudinal effects, however, are

morning side of the plot (ICCIII'S;.Itlongitudes grt'ater than llot ohvious fron_i considerations of Fig. XXIII-11. The
this value, Tile info,'mation m Fig. XXIII-11 i_ helpful to data near 80 rain on passes 30 and 46 suggest the possi-
determine the locations and local times corresponding to bility of a local enhancement in the 1304-A intensity near
the data in Fig. XXIII-10. Initially, the instrument is the evening terminator. Such an enhancementwouldoccur

viewing the morning terminator near the equator. The either from an enhanced O concentration during these
line ot sight then moves south and remains on the morning passes or because of an anomalous localized somce of

side for most of tile first 65 rain. At one point, about excitation. At 80 min, the theory passes through the data , ,
'_ 50 nlin, the line of sight moves from the disk and passes for pass 30 and is about a factor of 2 too small for pass 46,
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.4. factor of 2 variation in disk data requires ,m e',en middle pAl|el re,present the ditterenc'e for the afternoon

greater variation in the O conc'entration. The relationship datu. Tile solid lint in both panels is the average of the

between density and disk intensity is further discussed ill()l'l|illg ;.|lld ;.ttterlloOll differences. The model used has

, below, an t) concentration ot 1¢, at 135 km und an vxospherie

temperature ot 35u ° K. The results in t;'ig. XXllI-la are
The disk and hmb of Y.lar_ have been viewed under a not sensitive to the choice of model.

=

o_ variety of observing (.onditions. Quite different from the

' data wu'iations in Fig. XXIII-10 art' those for pass 74
• shown in Fig. XXIII-12. :\hout 50 rain, between the values pass NUMBER

o_ 30 and 80, were spent viewing tile atmosphere tangen- 0 20 40 6o s0 100I I I I
tl

tially, l)urin,/ this time. two usetui limb protil',s were

JJt ohtained. The rate of descent of tilt' line of sigh ,m the 1.2 MORNING
first crossing (near 40 mini was slow _.Ttough to achieve

one ot the hest limb prol:iles during the mission. This

} profile was included in Fig. XXIII-2. averaged to_ether

with profiles from passes 88 and 70 having similar viewing 1.0

conditions..Morning disk data in Fig. XXIII-lO were

observed lwtween 0 and 30 rain and afternoon di:;k data

after 75 rain. The morning data appear to vary more _' 0.8-- ! Oo° o
strongly than the theory. The "lominant _ouree of wlriation

ill the theo,'v is the variation in ,,,.. The pattern in the data <
may suggest geographical variations in [O 1. _ r_ 0

O ].2_

It is possibk" to study geographical and time dependent _ O ,, _ o -

effects m IOI and the latter type of effect in the solar oo o o go °o?I/Vl

" ooA1304-A fluxes with the quantity of data awdlahle as o o0
exempliHed in Figs. XXIII-IO and XXIII-12. Initial re- 1.0 o

suits of such a study are shown in Fig. XX,II-13. In the /r ___ 14lower part o[ the figure, the 10.7-era .:olar flux is plotted

as recorded on Earth. The circles in the upper panel repre- I_ _ AFTERNOON
sent the difference, expressed as a ratio, between the 0.8 |
morning data and a fixed theoretical model. Those in the

O

140......... I......... l......... I......... I......... I""'""l ......... I......... I...... "'1""""'1 '_ " --1

I
_' o.5 _ ,20. q ,Q

10o ,k • • ql_ QO

o : "...-" x
;........ hn,,,.,I ......... 1......... I......... I......... I ......... 1......... l......... h,,,,,,_l 8o - _l._ , |_--

0 , _1 20 30 40 $0 60 70 80 90 100

100_

I i J J I I I J .I I/

1.0 "umqummqmumquUmUlmm_'qumUUlmmmlmmmlmmUquuUnLPASS?4 _ 320 l 340 360

,,, '" DEC. 1, 1971 ',
Z 0,1 I

• z Fig, XXlII.13. The 10.7-cm solar flux as recorded o Earth and
r x_ x- deviations in the disk data from theory based on a _,xed model

...... I ......... I.......J_l = )_l 1.....I.........I......
o.ot ............ • ..... _._,,,,,,I.........I._......... ,,,I........l,,,,,'"- and fixed valuesof the excitation parameters. The solid curvt+.io 20 _o 40 so 6o 7o eo _ loo

TIME,rain are identical and were obtained by least-squares fitting the
theory to both morning and afternoon disk data. The circles

Fig. XXIII.12. Data, th,_ry, and geometrical parar,:eters for were obtained hyfitting the theory to th,. morningand afternoon

pass74 similar to those In Fig. XXlII-IO. , data separately,
I"
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If the solar 13(14-.._tluxes were constant with time and _.o,. w _ c" i [ _ I J i ]
' the atmo:;piwrc did not vary with either time or location, _ Jl.

no pattern should emc,'ge for ti_e types of plots shown in "\_ / _,,,,_

Fi- XXIII-13. There is. however, a clear pattern showing: _i_i"-"

• t!/ a correlation in the data with the 10.7-era flox and ,-.'- ,, .....

i (21 ,m enhancement in the afternoon data. already noted .... ''"
; from Fig. XXIII-10. The lirst of these effects is most

likeh" caused in large part lw a xariation in the solar _" ._-_- soJ //[ 1304-._ fluxes with time. The solar III Leman-, flux is
i'nown -. vary with hme and to eorrelat,, we1,1with the 0.1 - #/ --

10.T-era flux tRefs. XXIII-25 and XXIII-26). The relative .7
, ,_'variation required in the fluxes is (.omparable to the rela- /

live variation in the 10.7-era flux. The supposed variation _ ",¢

in the 1304-._, flux would be seen 3 days earlier on .Mars iS_-" J

than on Earth at the time the data in Fig. XX[II-13 were _ ,/,"
recorded because of the positions of the planets relative to z PE,¢"
the rotating Sun (Ref. XXIII-I). Since the lO.7-em flux "

¢¢

wa" recorded on Earth, a 3-day lag in the pattern of ,z
varudion of this flux shoukl be seen relative tn the pattern 0.01 _,¢"
exhibited by the mean ratio. There is an indication of such J'
a lag. s ¢

¢¢ ZEt _TH 4rrl
# SZA=49o

/
If. tm the other hand. the solar 1304-:_ flux did not vary "

with time. nor did the exospherie temperature experience
large temporal variations, then a factor of about 3 varia-

tion in the glohal e,mcentration of O would be required
to produce tl_e observed pattern. The factor of 3 is based
on result_ in Fi-. XXIII-14. which show the predicted 0.0ol I .. I I I I I I I I"_ 0. 1.0 10

relationship between disk intensity and the O eoncentra- pErCent_o_
tion for sel,-, i-.-'. "xospheric temperatures of 250* and
350"K. TI,, q: 4,, ',c nsitv for an SZA of 49" is con- Fig. 10(111-14.Predicted variation of the 1304-_ disk intensity

sidered to..!_- ,,r .' ':_,, density dependence. The required with p, the percent[O] at 135 kin, and exospheric -err erature.• " • Thezenithintensityfor an SZAof 49* waschosenx_oflowthe
variation in the-O c,)ncentrat_on seems less likely than the variation,
suggested variation in the solar 1304-.x, flux, even though

some variation must occur in the rate at wh;eh O is formed correlation between the solar 1304-A flux and the 10:7-cm
hy photodissociation of CO,. flux.

',, Regarding the second etL_ct noted above, the largest E. Summary '
-" differences between morni:Jg and afternoon occur around Selected resu .. aave been presented for a considerable

pass 40. Fig. XXIII-14, together with the results in Fig. quantity of Mari,,er 9 1304-A data for the first 100 revclu-
XXIII-13. suggests that as much as three times more O tions from both the bright limb and disk of Mars. The
occurs on the avelage in the afternoon for selected passes, limb data suggest that the exospheric temperature is less
This value should be reduced a small amount since the than it was in 1.969when Mariners 6 and 7encountered the
atmosphere is probably warmer m the afternoon.

planet. Similar IO1 concentrations (0.5 to 1;7) are derived
for a temperature of about 300*K. Structure in the limb

The scatter in the rest,Its has the appearance of noise profiles below 200 km suggests the possibility that about
(Fig, XXIII-13). The error bars are much smaller than 0.2 kR of the observed _,0.8 kR near 150 km is due to
this scatter since several thousand spectra are typically dissociative excitation of CO._ (Fig. XXIII-4). The source
used to obtain a single point. This may imply that random, is unimportant to the disk intensity. Some significant dif-
as well as systematic, variations are occurring in the mean terences were observed in selectet_ limb profiles (Fig.
O distribution, or it may merely reflect an imperfect XXIII-7 and XXIII-8). If their source r not attribute.,l

/
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t

.. :,o,,-d, t_ll_e:j.r!.di_llhllp|Ic,_,ll'l !lar_rlvt,_m,tmmenLd clh.c:_imp,)rtant_ariatmn,with ._\[ll-l-I. T]:i,,muc|i i..l
time (;ttur in the f(): di._trlhution. In xiew ol the sug- rih-cti, c r_ ,idencr [detime fi_r .m 0 atom on the scale ,ff

ge,tcd xar-,tti, m with hw_tion in the prt.viovs section, a 1 day or less. The removal mecham_m i_ unlikelx to he I'.
. |actor *,t :_ or mor,- ;_ not unrxD-cted, che:::it..d _*', .... tlei. XXIII-16. t)ut mlr prewnt ,ruder- [

.,,tandin_ ot Martian dvnamic,_ does nat enah!e us ta _.'

The .m.dx,_, ,,| the d:,k data shrove: 1 a tmrrlation distiu_msh hrlx_rcu mechani,m,_ mvolviu_ vertical and _.
b,.tween the ch-k i.,ttn.slta._, ,rod lO,7-cm solar tlux: .rod horizan_al tr,m_port. _.
:2 ,m t.nhancemcnt in the () density ill lht" afternoon

rc!,dive to tht' 'n, ,-:fine. "l'he first t,t the_c t4fects i_ .%cle,_ted dat,t ,ug_ges{ t]'-,lt Itwal as _vdl ,t_ random !iprob,ti,ly due largely to x.trmtions in the solar 1304-__ xariations in [(): occur. A lat.d ,.nhancen;-,nt in :,O]
!luxe_ with lime. Relative varlation_ m the mlar I'_R-A nra: the rxtnihg temm_.dor m,tv be responsiblt for the L

_: tit:,, t'ompar,tlde to those ohscrx ed in the t0.7-cm flux can _tnleture in the data for pass 46 shown in Fig. XXllI-iO.
;.ttc'opni tor tile rff_'t Regarding the second point, en- R,mtlem x.m,t_lon__ in "O! are suggested by the scatter
h.umcmvnts bx a_ :nv,ch a.: a factor at 3 in the mt.al-i ,diet- ,Imwn in Fi_. XXIII-13 w!uch is con_iderahlx larger than r
noon dcnsitic_ are indicated _L-'_-:, t_ XXIILI:3 and tilt eXlwcted nmse variation. _,

'; i.
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Appendix

GeometricalParameters Used to DeriveTheoretical Intensities

A. Non-intersecting Path where .t,"is .t unit vector pointing to the Sun. The minus
sign is used tor points along tilt. path to the far side of: shows a non-inter.*ecting line of sight -_

I ,gure XXIII-A-I R With P, xts corresponding ahitude, and m,, quantitiesdmgram and the parameters specifying altitude and the ,"
__uc|:._sden.sity, optical depth along the line of sight, andcorresponding SZA along the path. Thc parameters R .

6. and t" are given as part of the spacecraft attitude-orbit volume emission rates may be specified.
information. R is the radial distance to the tangent point.

O i_ the SZA at R. and f is the cone angle, i.e.. the angle El. Intersecting Path i

eft direct st_ttter,.'qg o| solar photons .into the instnmlent. Figure XXIII-A-2 shows an intersecting line of sight
' A set ot path lengths. P. is first specified by the chosen diagram and the peramelers ,l','cifving altitude and the:

_ limits on altitude and by the integration scheme used for correspond;ng SZA along the path. For the intersecting
deriving theoretk_d intensities. We ehoo_c about 700 km case. the given parameters are 0. the angle between the

as the upper hmit on ahitude and use a Gaussian scheme hne of sight and the normal at the surface intersection

for performing the integration. The altitudes are derived point. 9. the SZA at the intersection point, and .6.. the

I from P. R. and R. The cosine of the SZA. given by :re, is cone angle. By extending the line of sight to the tangent
t _ point specified by R the intersecting and non-intersecting

i _- ffl geometries may be treated similarly• The angle, _, how-

i !'e -- _ = (Rtcu_ _ --+-Pcos.6}/(R_ + p:)'-i. (1) ever. is defined differently for the two case_. Here, it is
the SZA at the intersection point: above it is the SZA

-;at the tangent point. As above, a set of P values is first

specified. The range is f:om -- [(R,, + 100)_--R_]_ to
[(R,, + 7001-"-- R_] ._. The cosine of the SZAat Ris

! (2)

= JR,, cos ,_ - (P - R,, co__a)cos _'I/(P: + Rl'_)_-

$

Fig. XXIII.A-1.Non-tntersectlng line of light diagram. The F}g. XXIII-A.2. Intersectingline el sight diagram.The pmram-
p_rameters¢, ¢, andRl describethe 5._omet_alongthe line eters¢, ¢, a describethe geon._:,yalbnk the lineof sil__tused

I_ ,_ of sightusedto calculatetheoreticallimb intensities.The unit to calculatetheoreticaldisk.;atonsitles,Theunit vector_ points
vector_ pointsto theSun. to theSun,

\
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XXlV. Mariner 9 Ultraviolet SpectrometerExperiment:
SeasonalVariation of Ozoneon Mars i

Charles A. Barth, Charles W. Herd, and A. lan Stewart
Department of Astrogeophyslcs and Laboratory for Atmospheric and Space Physms

University of Colorado, Bomder. Colorado 80302 !

.._ Arthur L. Lane
Jet Propulsion Laboratory/California I,_stttute of Technology, Pasadena. Cal,forma 91103

Mary L. Dick and Gall P. Anderson
Laboratory for Atmospheric and Snace Physics

University of Colorado, Boulder, Colmado 80302

Between November 14, 1971, and October 27, 1972, this time that the maximum ameunt of ozone is observed

svste,,,atic observations of ozone on .Mars were made with over the polar cap. As the season progresses, less and less
the Mariner 9 ulta-aviolet spectrometer. This time period ozone is present until, by the beginning of summer, ozone
covered ahnost half of a Martian ),ear or two complete disappears from over the polar cap and the entire polar
seasons in each hemisphere. Since Mariner 9 made ob- region.
servations in both hemispheres, summer and fall were
observed in the south, winter and spring in the north. An Ozone is measured by the ultraviolet spectrometer
important result is that ozoneis present in the atmosphere by obse,ving the Hartley absorption continuum be-
in the pol,_r regions (poleward of 45° latitude) and tl_at twecn 2000 and 3000 A in the ultraviolet light reflected
the amount varies with the changing season. \Vithin the from the planet, The ultraviolet solar radiation that is
detection limits of the ultraviclet spcctrometcr, no ozone reflected from Mars arises from Rayleigh scattering, from

w;ts found in the equatorial region (equatorward of 45° scattering by large particles in the polar hood, and from
latitude/. A sore"what simplified description of the sea- reflection from the bright polar cap (Ref. XXIV-I). A

sonal variation in the polar regions is as foqows: Early great deal of information about the polar hood and
in smnmer, there is no ozone in the atmosphere. In late! polar cap of Mars has been acquired by several of the

summer and earl), fall, ozone begins _o appear both over Mariner 9 instruments. In this report, t,e following -_
the polar cap and in association with the formation of the operational model of these two Mart"an phenomena will "-
polar hood. In winter, the entire polar region from 45 ° be used. The polar hood is a fog or cloud bank of water __"
latitude to the pole is covered by the polar hood. It is at ice et3,stals that covers most of the winter hemisphere

JPL TECHNICAL REPORT 32-1550, VOL. IV

I _t,

1973023947-379



I1 '

i

i;

lmh'ward .t -15 . It he,ins to form ;,i the tal! and lmrti.n_ :tr<. ,rot nccc.ssarily the ,naxinnml v.ducs in thi_ 1,_tml:h,
uf it remain m_til t],' ,prin_. The imlar cap is primarily b.md.
c,,,mi.::s.,d ,_.t!:.<,_,n earhau dioxide and may also c_mtain

.1 !water ic_.. "l'}.' hchavior ot ozonc m as.-,-lati,m with u.- n_,lI.,-, _.

lmlar hood is slmwn in Fi,a. XXIV-Ib. On all _wcasim_s
"l'ht. behaviour.! c_z.nc in t}.' imlar regi_m hviwvt.n 51l S x_ht-n oh_t.rvations wen" nl,tde p,n'th ot 45 X dnrin_

and 75S durin_ the s_milu.rn Mflnlllt'r alld fall is din,ran- wintcr. _z_mc was mt'asurt'd and the. iml,n l.md was
sh'ated in Fi_. XXIV-la. Durin_ most _)f tin. summer, n. al_.tvs visible. TI.' data plotted in |"i_. XXIV-lh ar,' tl."

i _z.m' was _l)serw'd in this latitude recital "]'c_\v.lrd thv ,naximu,u ammmts tff oz(mc nhserv_'d in the" ]Mitudc
end of summer, before the imiar hood hcealnv visihie, ran_c 511 N to 75:N. The amount m,'asulcd varied, ran_-

i ozone began to appear in the :ltm-_phert' near 60-S..-\t i,_ all tilt' way fr_lln the detection limit _lf :3 :,m-atm up tn
: the end of smnmcr, the amount inercascd fi'om tilt, deh'c- tht. largest value observed an Mars by Mariucr 9. 5]"

ti,m limit ¢ff .3 i,m-atm to an amount _rcater than ,m-atm. In sprin,_ when int'asurc,nents we.re made of
; 10 t,,n-atm. (The amount _ff ozone is expressed in terms spvcifie t,u',_,ets in the north, the_e was less ,znne than in

I _lf micro,p,etcr-at,n-._pher_.s, the thickness nf tht, oznne the winter .rod tht polar holed was not readily vi_ilde.
cohmm m micrometers when t_mllm.'s_ed to standard

"_ prv<_urp and temperahn-e on Earth: 1 _,n_-atm = The behavior of OZOllCover the .south polar cap in
/

_t

I _'. 10-' era-at:, =: 2.69 "/ 10_" moleeult's per square summer is shown in Fi,z. XXIV-2a. The Mariner t.) oil-
centimeter. The amount of oz(me in Earth's atmosphere servations show that there was no ozone over tilt" remnant

!_ is approximately (t.:3 cm-atm._ Durin_ these summer of the cap throughout the su,nmer. Near tilt, end of
measurements, the ultraviolet spectrometer was able to the summer the amount of ozone increased above the
make continuous observations over a ranae of latitudes, detection limit, reaching a value of 6/m_-atm. Favorabh.
The maximum ammmts of ozone observed in the latitude vicwin_ conditions were not attained during the fall in
rangc 50-S to 75°S are plotted in Fig. XXIV-la. When the south.
.'qarh_er 9 o,)servations were made in the n;iddle of the

southen_ fail. the polar hood was visibh, and the amcmnt The behavior of ozone over the north polar cap durin,,,
XXI\-_,). Towardof ozone was observed to have increased to more than the winter and spring is shown in Fig. " " • m

:3(1i,m-atm. The final three meas,rements were made -_t the end of winter, whcn tilt, pol; _ hood eh,ared sufli-
specific targets in the soutilena hemisphere and. hence, eiently to permit the cap to be seen by the Mariner 9 in-

60 6O
_o_ (b_

50 _O-

40 _ 40 ".

_T 30 • _ ,..7 30
Z Z

. _ .."
O 20 O 20 •

IQ oo i0 • e* °

ee ,e 0,8,

0 [ 1, i .. 0 * [ ! I
too 2o0 [ 3o0 400 5oo _o0 200 j 3o0 _00 soo

: EQUINOX EQUINOX

$UMMFR J • ' FALL WINTER ] SPRING

Fig.XXIV,1. (a) Amountof ozoneobservedin the southpolarregionduringsummerand
fall, Numericalvaluesalongthe abscissacorrespondto the Marinerg orbitalrevolution
numbers.The amountof ozoneplottedcorrespundsto the maximumvaluefoundbetween
SO°Sand 70°$, except for the last three points,(b) Amountof ozoneobservedin the
north polarregionduring winterand_spring.The ordinateis the maximumamount of
ozonefoundbetween50°N and75°N.
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! Fig. XXIV-2, (a) Amount of ozone observed ov_r the south polar cap during summer. (b) i

Amount o; ozone observed over the north polar cap during winter, spring, and beginning i
of summer. The cross refers to the Mariner 7 measurement made over the south polar

i c_p in 1959. The ordinates and abscissasare defined as in Fig. XXIV-1.

strumv,t._, the' amount of _)zone mt.asurcd wa_ 115am-atm, th:).t not nnlv water vapor, but also hydrogen pcroxide

I I, tilt' middh" of spring the quantity of ozone above the _which is a byproduct of tile photolysis of water vapor

polar cap was 10 t_m-atm, and its magnitude by sunlight prescnee o_y_en_
decre_:sed ill tile of lnoleeuhlr should

monotonic_dly durin-_ tilt" latter half of the northern have this effect. However. a full explanation of tile

! spring. Durin_ tht. last two, t_rbital operations of Mariner 9 present results will probably involve tile effects of varia-

just after then,_rthern summer solstice, observations of the fions in atmospheric temperature and of tilt, global
north polar cap showed that the ozone had disappeared, transport of v,'atcr vapor in addition to photochemical

considerations.

The amount of ozone measured in 1969 by tile Mariner

7 ultraviolet spectrometcr over tile south polar cap was Achieving an understanding of tilt. presence and varia-
l0 txm-atm _l{t._. XXIV-1L Tilt' season on Mars at that tion of ozone ill the .Martian atmosphere is important for

time was southern sprin_. This value is plotted in Fig. our knowledge of cunent conditions on Mars and the

.\XIV-2b at tilt. corresponding seasonal time for corn- state of evolution of its atmosphere. In addition, this

parison with tilt, Mariner 9 data for the 1972 northern under:landing of ozone photochemistry in a planetary

cpring, atmosphere is relavant to Ea,'th's atmosphere, where
questions arise as to tile stability of Earth's ozcm, :q the

When ozone was observed in association with tile polar presence of added impurities. On Mars, tile Mariner ob-

hood in the fall and winter seasons, tile uhraviolet spec- servations show a twenty-fold variation in the amount of

trometer also detected increased reflectivity in tile region ozone, depending on the presence or absence of another

-- from 3000 to 3500 A compared to the reflectivity of the minor constituent, water vapor, in the atmosphere. In tile

clear atmosphere. This increascd reflectivity presumably evolution of Earth's primitive atmosphere, tile formation

is produccd by tile ice crystals of the polar hood. We have of an e -ne layer may have played an important role in

sug_esh'd elsewhere that this-correlation of tile appear- the prebiotie chemistry that took place on tile surface.
anee t,f ozone with tilt, appearance of the polar hood is The seasonal formation and disappearance of ozone in

experimental evidence for the suppress'on of ozmae in the contemporary Mart:an atmos '.ere may bc of conse-

the presence of water vapor (Ref. XXIV-2). Current theo- ell _o-e in any prebiofic chemistry that may be occurring
rctical treatments (Refs. XXIV-3 and XXIV-4) suggest the, e.

/
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, XXV. Mariner 9 TelevisionObservations !

of Phobosand DeimosII
J. B. Pollack
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Tile first close-up pictures of tile Martian satellites system. Tile mean radii of Phobos anti Deimos were

Phobos and Deimos obtained by Mariner 9 are discussed estimated to be 10.9 +__1.5 km and 5.7 +__0.5 kin, respec-

in two earlier reports (Refs. XXV-1 and XXV-2, hence- tively. The car_.ier reports also contain improved

forth Paper I). Both satellites we,'e found to be irregular ephemerides.

heavily eratered objects whose present shapes are largely
determined by eratering, associated impact fragmenta- This section extends the analysis of the Mariner 9

tion, and spallation. They were found to bc in synchronous pictures of Phobos and Deimos and includes corrections

rotation, to have nearly identical geometric albedos to the orbits of the satellites, an estimate of their principal
(about 0.05), and to possess crater densities close to axes, additional confirmation of their synchronous rota-

saturation On the basis of their crater populations, the tion, a search for new satellites, photometric evidence for

satellite surfaces _.ere estimated to be ,q_ least several the prtsence of a regol,.'th, and a discussion of their

billion years old and most probably a_ old as the solar internal structure.
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I',
A. Orbits of PhobosandDeimos tri,lxial vlhps_ud_. _\,,umin,.' _vnchronou_ r_tah,m, i,uc

a\k ol ,,udl ,m clliii_,oid mu._t hc alou_ the -M.u,-_at.llitc IIh,wc_.qn_ o! the 3hn'i_u'r 9 teh'vision pic'turt._ },a_ xcctcu', the sccol,d m tlw _rbital plane, and thc thu'd

r, .ultcd m mqmwcd cphcm_,ridc.s ot t'hol.,._ .,_d 1)_ h.o.. normal to tlus plant,. I.flu'ation_. or|fit t'cccntiKit). ,rod ["
"l'h_. d_,t,til. ,_t th- d.t.t reduction and ihc corrt,(.'tions to _ol,tr pcrturl_atio,l._ wcrc nc_h'ctcd. I_
_atclhtc t'phcmcridcs bascd upon the first 4i) pwtur¢'s arc

d,'_<nbcdiu Paper I.lh,rc,wc reportresultsba.,,cdupon ]I
th,'r,'duttim__f about :20additionalpictun.,,includin_ A c'omput_.r-C,.ncr,,t,.dcvcrlaxxva_pr_duc'_'dIra _'ach

hi_h-rcs_dutlon .s,tt,,llitc piuturc. Thc ellipsoid axc',werc

all narrox,-,m_lc l'fic'hm's oI Phobos ,rod l)vimo.', obtained adju,tcd .,,o that thc prcdl_.h,d limb trotline in thc ovcrl,tx [
hv ._[.rim I 9 I_t |ore ._lc cxtcndcd mission. "['ypically. ,t I!-

.s,tt_.l[itc'_ orblt,d position could 1)c dctcrmincd to within ht thc .,,atcllitc im,t_cs..\ suthcicnt r,m_c in xicxxmK ]:
5 km trom ,t ,indic picture. A large h'acti_{_ of thk _cometry x_a._ availablc t_ determine ,tccm-,ttclv ,tll tln-_ c ..axes for Pl_fl_os. ()ulv ti_, tx_o smaller a\cs of l)cimos ]

; ,d_scrv,ttion,d crror was tt.. rcsult ot m]ecrtainties in thc i
{ U,llllt'r,1 pointin_ dircction. In it _ew cases much bcttcr could cagily bc dctermmcd Iwc,m,_e of the .llarincr 9 •

orbit _comctr.v. "l'hv ._l)acccralt'._ orbit w,, inside that ,
I dctcrmination, cotlld tit, I|l,tdc bt,C,lllSC of the p!t's('llcc o[: Ocimo,;. and only thc sidc ot: l.)eimos t,tciv,A Mar.,, [

I

1 of a .',t,u" background on thc picture, could bc vicwcd at high rc.solution, l

.-\s dcsc'rd)cd ill P,ipcr I. a {irst-ordcr _t'llt'rdl perturba- Fi_t're XXV-1 shows tilt" rclativc .sizes and .shapcs of :tion thcorv t l{cf. XX\'-3_ was u.scd to obtain thc corrcc-

i tions t_l the cphcmcridcs. Thi.s theory includes tilt' Phobos and Dcimos. Thc tllrceprincipa[ axcs _radii)and i

I lwrhn't_ation from Mars" zon;/l ]tal'monics J:. J. J;. but the vohuncs and masst,s implied by them are _ix't'n in
not thosc trom .Mars" tcsseral harmonics or from those Tablc XXV-i. incrcased accuracy in tilt, determination ,.

of tilt' thrce principal axcs xvill bc obtaincd by usingof the Sun. The satellite ephemeris model errors wcrc

Icss than 10 km ovcr tilt, proccsscd 4-month data arc. standard cartographic tcehnitlues for mapping surfacc

The initial conditions for the first-order theory were oh- features. Also. Vikin,¢ Orbiter imaging data of thc satcl-
tained from Wilkins (Ref. XXV-4L Thc extension of IRes will bc of great value, particularly {or dt'tcrmining

\'_ ilkins" work by Sinclair IRef. XXV-5) was not availabh, the largest axis ot Dcimos. In both cast's, the largcst axi.s

when tilt' COmlmt_u" pm_ra,ns wcre dcveloped for mission lies along the Mars-satellite vector, while tile smallcst

tq)crations. Comparisons with Sinclair's ephemcrides will one lies normal to the orbital plane. This is the most

lit, made in a later puldieation, stable confi:_uration for a satellite in svnclu'onous rotation

according to the Euler dynamical cquations (sec. e.g..

The most important corrections found were a 2.8 °
(about 6iX)km_ advance in tilt' mean longitude (if Phobos

and a 0.3 decrease in the inclination of its orbital plant,

relative to Ea,'th's equatorial planc, The inclination cor-
rection rt'sults almost entirely from the diffcrcnce in the

orientation of .Mars" spin axis Rix't,n by Wilkins" analysis // _
of Phobos and the best current v,due based on other

3lariuer data _Ref. XXV-6). The most important correc-
tion for Deimos is a 0.3 ° tabout 150 kin) decrease in its
dlcall longitude. The orientation of the spin axis of .Mars r/

given by Wilkins' analysis of Deimos is close to the
current value.

_.oBos _e,_os

B. Shapeand RotationPerioO o:to_es,Ax,s,,o_:^__s

In this section, we present estimates of the principal b : ,nter_,;.D,areAx,s, _nOrBit_,anE:, =SHOr_T_STAXIS,NORMALTOORBITP.ANE
axes of Phobos and Deimos, discuss determinations of

their rotation periods, and consider the conditions needed Fig. XXV-1. A comparison of the sizes and shapss of Phobos

{or synchronous rotation. A preliminary determination and ,_eimos. The longest axis, a, points toward Mars; the short-
" est one, c, lies normal '.o the orbital plane. The intermediate.

of the sizes, shapes,aud orientations of Phobos and sized axis, b, lies within the orbital plane and normal to the
Deimos was achieved by assuming their surfaces to be direction toward Mars.

?
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TableXXV-1.Principal axes of PhobosandDeimos' Similar t'xpre._sionshold for A and B. By maki,_ use of
the values ot tilt' l_rim'ipal axt,s _iven in Tablt, XXV-I and

+ I..ttu,,t h,t,.r- ._,,,Ih .t \,,lu_+,_'. .XI._,-." the kn_+wn m'l)ital ccc'cntrieitiv,; (l_t'f. +N.XV--t}.xx'efiud that_,.dt.ll,tt m,dl tt,
.t\_,.k,, ._x_,.km kin. lW'+_ the term on tht. h,ft sith. ()t Equation <l) is on the ord(.r

.,x_,.k., of unity hw both satellites, whih' the rtght sith. is tmth('

,, Phoh,,_ 1_.'_+I t_.T -"1 .9.(i-'-1 .5_lll 1i'.4 m'dvr of 10-: for Pl,obos and cx'en smallt'r for l)t,imos
._ Thus. tht'' :tl spil, state for both satcllitt,> is c\pcetcd

l)cml<_-7.5 6.(I_l 5.-5---1 1(14(I 3.11
-- I to be .';)'lleL,'OllOUS.

|
t "1 lit ,l\t s .|It I.lthl. ll<'[ th,tlllt'tt'P,

i ' \ ,1,n,flx ,,t + ,.z', m h,t, l+t.,,n,t_.>lllllt.d +{ second conditiou must ht, met for svnchronotts rota-• tion: the time scale ft+r tidal t.volution must hr. sut[icicntlv

small, in particular, it must be less than tilt' a,_t' of the
l Rvfs. XXV-T ,rod XX\'-SL If the s,ttellitcs had different solar system. In Papt,r 1, we quot'.'d Burns' c_timatt" that
+ oricutations, tht.v would experience lar,at' amplitude this htst inequality is mt't. However. this estimate was

oscillatious thut would tend to ali_n them ut this most hascd on a particular model of the internal structure of
.',table orientation, the satellites. In a httcr section wt. discussed otht'r time

+ seah,s based on tilt' two structural models described

By m,tkin,z usv of the cllipsoidal ovcrhtys with latitude- below.
lon_itttth, _rids SUl>_.riml_Ost,dupon them. we ha.re con-
firmed that tht' xatcllitcs art. in synchronous rou+.tion by

chcckin_ that certain :,urfact' ft,aturc,; always appear at C. Searchfor NewSatellites

:;pp,'oximatelv tl',e prcdiett,d latitudc-lon_itude points. A search for new satellites was made on the 19 picturcs
Altogether. 4(I plcturt's of Pholxls and 5 of Dcimos were of Phobos and Deimos acquired before orbit insertion.
used for this purl:oSt'. Thcst, pictures span a time of These were long-exposure (6-see). narrow-angle pictures
about 100 da.vs. Tim worst east" of disagreement bctwet'n ol)taint'd at large distances from Mars. All but one were
the predicted aud obst.rxed po.,,ittml of a feature was 5°. tar_etc'd for Deimos. startin:; at 66 hr before Mars orbit
From this and tht. time span of observation, wc cau insertion (MOI- 66 hr)and continuing to .MOI- 9 hr.
estimate that the periods of Phobos and Deimos tl.l't'equal Figure XXV-9 shows the television camera field of view
to the synchronous _, ue to about 1 part in 10' and for each picture. The television "footprints" are based on
1 part in 3 _.K1(1'. respectively, the .':ange of the spacecraft fi'om .Mars and are drawn to

scale with the satellite orbits.
What conditions must 1)e met in order for the satellites

to have synchronous rotaUon periods? Initially they will hna,4es of Deimos or Phobos and those of stars as
ha,'e another pm'iod, but will evolve to their final spin faint ;_s visual magnitude +9 (signal to noise _ 1.7) were
state through frictional dissipation of titles raised on detected on individual pictures by computer algorithms.
them by .Mars. However, this final spin state need not These same algorithms were used to scan the central
he tilt, synchronous vahte, but could be some simple 95% of each picture for additional satellites. None was
h'action of the synchronous period as is illustrated by found. All signals detected other than those arising fi'om
the case of .Mercury. According to Goldreich (Ref. the known satellites or stars have been identified as bit

XXV-.9). the condition that the final spin state be syn- errors, vidicon blemishes, or noise. These spurious sig-
chronou_ ix _iven by tile following inequality between nals could readily be distinguished from signals due to
the mr,ments o[ inertia and the orbital eccentricity, e: a point or near-point source, as would be produced by a

small satellite at the ranges of observation. For example,
[3(B- A)/('] '_ >__9.5_rts:/2 (1) vidicon blemishes occur in tlae same location on the

vidicon on several pictures. An image of a star, Phobos,
where C is the moment of inertia about the spin axis, and or Deimos is characterized by an elliptical shape with r,
B and A ore the larger and sma_ier moments in the equa- the intensity declining from the center toward the edge.
tonal phme, respe .tively. If we assume that the satellites (
are homo,4eneous, .he moment of inertia C is related to Upper limits on the diameter of unk,, .it satellites

the principal axes in the equatorial plane a and b by may be obtained from the vidicon poit '+ -uree 4cteetion
threshold of +9 visual magnitude and the range of thex

C _ (a_ + bq (2) t spacecraft front Mm's. For this purpose, v'e assume that
+l
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"' Fig. XXV-2.Footprintsof the pre-orbitalpicturesof the sateilit';s.Marsand the orbits of
PhobosandDeimosare drawnasseenfrom*he spacecraR.Thesepictureswerese._rched
forthe presenceof n*.wsatellites.

any n,.w satclF.te would haw' the _ame albedo as Phobo_, that pr,'-orbital pictures will be obtained on future Mars

and make use of the observed diamett r of Phobos (Paper I I missions. 2
lind of Kuilwr's tRef. XXV-I0) Earth-based ol)servation
of the v;sual mat_nitude of Phohos l"l['ar opposition, cor-
rected to the phase an_l:, of observation (--60°_ on the D. Satellite Pictures
basis of ._hlrirwr data discussed ill another part of this

Fk,sides supplemt,ntil:g the mofpholo,_,ie information
section. The upper limit on the diametcr range:; frmn 1.6

diseu%ed in earlier pal:ors (Rt'f. XXV-I: Paper I), hi,h-to 0.25 km for the first and last we-orbital pietures.
resolutio_L narrowian_le pictures of the satelli;.es providerespcetivel3". If the allwdo of an unknown satellite were

hi_]wr than that of Phobo_ or l)eimos (it is not likeh' to vahlable information about tl," sm'face texture and inter-
he lower/, these vahws would he reduced, hal structure of Phol_os and ","dines.

These limits may be compare(! with an Ul'per limit of The satellite pictures used in this report were process"d
l._ km set by Kuipt,r ire| XXV-111 from Earth-based either at the '._.m_,' !" , .'::in_ 14flmratory of tht' .let
l_hoto:;ral_hs of the re_ion outside tilt, orbit of Plmhas. Propulsion [_.tlmritr,.., ", _ tiw S/anford University

Artificial Intelligent. ,_ t , :.v ""v."ri,, ;,_eonu'try is itb.vavs

()ur observations supplt'ment Kuilwr's results 1)v provid- such that the Sun-', ,! . q_,w--'v;" plane (the pll-ne
in_ smaller limits on our last pictures. Hewers,r, our of visicnl is tlorizonta,, :,., mu, i,' .... 'avs to tiu, ieft and

pictures cover only a fraction of the possibh' tilw,'-_l_aCt' the terminat n"on the ri,4ht. ' " _,,,,: Fi_. XXV-4, north :
domain of an unknown satellite. "l"u' exact fraction coy-

is toward the lop of the :c_,:,, ',
ered depcnds upon how simihu" the period ,ff an unknov,--_

satellite is to that of Deimos, as all lint one of onr The sub-spaceclaft iatit,,..: . :rod iongitude _ivt'n in the
pictures were centered on Deimos. For example, an figure captions refer to a coorflinate system with ori_h_
unknown satellite with a periud close to that of Deimos, at the center of the satellite and with an X-axis in the

but on the opposite side of .Mars, would not have been orbital plane and pointin_ toward the center of Mars.
d-tected. The X-axis intersects the satellite surface at the equator

at ()o hmKitud('; east-west and _mrth-south conventions
in the subsequent part of this section dealing with are the same as those for Mars.

the structure of Phobos and Deimos, the possibility is

, raised that these satellites origbmted from the breakup The picture of Phohos displayed in Fig. XX\'-3 shows_
of a larger body. In that con ._, the search for smaller a king, '.inear feature partly in shadow, rmmin_ _ ';
satellites of Mars assumes special importance. It is hope d length of the satellite. The topography of this feat ;

/
" I

I

376 JPL TECHNICALREPORT32.1550, VOL, IV

u

1973023947-386



'o . .'. , x

• • r-

#

I , "'° ,

a_

•
. " . .[ _ *

• . . •

Fig. XXV-3. Computer-processed picture of Phobos taken during revolution 129; phase
arlgle = 19% rang_ = 12,650 km, predicted sub-spacecraft point = 28°$, 190W. The illu-
mine,ted area is approximately 22 km high and 20 km wide. (iPL Roll 1114, 174.232,

may 1}e infcn'ed I}v considering the variation_ of l}I'ilht- Figure XXV-4a is an cx;m]ple of a nlil_hnun/-l'al_I(,.

ncss al{)n_ a line rtumin_ perl)endicular to the _hadew. !figh-resolution view (}f Phohos, in which craters a_ _mall
Because th{'re is u() 1}right edg{, rumP.'n_ parallel to the as {).3 km are '.'isibh'. Crater A, with its well defined,

shadow, this f(,atm'e is not due to the presenee of a local scallol)ed rim, ,s visible close to the terminat(}r in Fit, s.
var:at_{}n in surface altitude, but to a h]_'_e-seale change in XXV-4a and XXV-41), The 8-kin crat('r-like {leprt'ssion
altitude from o]le side to the other. The genetic origin of appears at the top of Fi_. XXV-4b, and its e{lle eonsti-
this feature was discussed in Paper I and is deolt with t_ttcs the :;Larl}. {.'(,/leave sei{ment of the upper liml) in
extensiveh" in a suhsequent part of this secti_}u.The large, Fig. XXV-4a. Note that this feature does not bare _t
well defined crater near the termihator is about 5 km prominent rim. and looks more 'like a chip knocked off
across. For convenience, in this section we will refer to it Phobos than like a true crater. This suggests that. in the

; I
as Crater A. {This is not meant as a,t attempt at a pcnna- ease of Phobos, the ]imitin_ size for clearly reco._niz _,,_{'
uent nomenclature s.vstem for the satellite craters, [m craters with well defined rims lies 1)etwe{m 5 and 8 km
atteml}t better dealt with elsewhere.) An even mrger {or al}out one-quarter to one-third of the sat,.qlite
crater-like depression :d}out 8 km across occupies the diameter).

lower left of Fk. XXV-3, but is difficult t{) discern m this . ,2_

high-Sun view {l}hase angle = _9°). It is clear"v_y_¢_.ble/;' ,/ Figur_ "XV-4 shows that craters of all degrees of
ueP,r the top of Fig. XXV-4b, / sh'.xrpr.css occur on Phol}os, There 'is also a ";'ide range
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Fig. XXV-4. Computer-processed piutures of Phobos. (a) Revolution 34, phase angle = 59°, re,lge = 572u kin, predicted sub-
spacecraft point = 70°S, 161°W. The illuminated area is approximately 23 km high and 15 km "wide.(IPL Roll 820, 002025) (b)
Revolution 80, phase angle = 83°, sub-spacecraft point = 65'S, 356°W. lt_e illuminated area is approximately 23 km high and
13 hm wide. (IPL Roll 937, 103305) "-

of c]att'r shapes, ran_in_ from an elongated double crater craters, also visible in other piutm'es. Such a craW"

(.war th,' ct'nter of Fi,z. XXV-4a, for examph,L to per- "'ehai'"' is unlikely to have f,_rmed h, ,ueccs_ive random

h,ctlv crcular craters, such as the °.5-kin crate_ (Crater impacts. C,m it b_. a _urfac_' expressio'_ ot iuternal trac-

B)/:wac tl_e lower-left limb in Fi_. XXV-4a. turing caus-'d l>3"tl_t, formation of a nea,'l)y large crater?¢

; Mariner 9 cox'c]'a_e of I)_'imos was mort. li_,fited. "1I.n,_,• lri_ure XXV-5 provides an example of the extensive
c.ovcra_e of Phobos ol_tained durin,_ the ,'_larim,r 9 ver:,ions ot a hi_l,-resolution, low-Sun (p.ha_e an_h' 65/

mission..\laps ot the surface of this satellite are nmv in view of Deimos are shown ill Fi,_. XXV-6. (Jl',ll.('l "_,(If all

prep,tration asin._ picttn'e st,qut'nc, es such as th')se sb ,vn sta_es of t'reshm,ss are l-resep.t; the .smallest visible crab.r

in the [i_tlr('. Note that Crau','s A and B are visible in i._ about 0.3 km across. The sulxhwd c_,tt_:, close' t- the

all three views, in Fi._. XXV-Sa, Crater A =s on the limb ter,niuator in the middle o1: the piet,_r,', i_ ab,ut 2 km

at top, while Cr:ttt,r B is close to the n:_d-point of the across. The smalh,r 1-kin crate_ just below the 2-kin cratcr

tcrmiuator. In b,_. XXV-5c, Crater A is close to the mid- has been shown to l_:v.'e a raised rim tlh'f. XXV-II. We

point of the te,'miwaw.:', whih' Crater B is against the shoxxed in Paper 1 thar tlw eratt,r ¢h'nsitv o, Phobos andl)eimos was close to ",,e saturation limit. The presence.
lower limb close to the teminator. The apparel_t positions of suhdued craters such as this 2-kin crat:'r on 1)eimos.

, of the craters ill lCi_. XXV-5b are intermediate between
as weft as similar craters on Phobos. provides indept':Ment

those in ["i_s XXV-Sa and XXV-5c. Note that, in all confirmation of this inference. Presumabiy subdued

views. Crate:" B appears to have a weli defined, sharp, craters are relatively old and are heavily erodcd by uewt'r
raised rim. craters that torm withio or near them.

Somewhat Ix,low the 5-kin erater and be_innipg close The array of bright markings near the limb. especially

to the 1)rominent small crater near the terminator in ,prominent in Figs. XXV-6b and XXV-6c, constitute mw

Fig. XXV-5a is an appa:ent lint.ar array of four small of the most striki,_g features in Fig. X,',,:V-6. By contrast,
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t Fig. XXV-5. Computer-processed pictures of Phobos. (a) Revolution 43, phase angle :-: 66 °, 0ange = 739e km, predicted sub-

spacecraf_ #oint = 18"S. 152"W, The illuminated area is approximately 18 km high and 14 km wude. (IPL Roll 831. 224914) (b)
Revolution 73. phase angle = 57 °, range = 6460 kin, predicted sub-spacecraft point = 42=S. 135_W. Illuminated _rea is approx- ',
imately 20 km by 19 km. (IPL Roll 983, 101/-03) (c) Revolution 87, phase angle = 42 ° , range = 7110 kin, predicted sub-
spacecraft point = 58°S, 77"W. Illuminated area is approximately 24 km by 20 km. (IPL Roll 1009, 093920)
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Fig. XXV-6.Threeversions of picture of Oeimastaken during revolution149; phaseangle= 65°, range= 5465 kin, predictedsub-
spacecraftpoint = 28°N, 355°W.the illuminatedarea is approximately12km high and7 kmwide. (StsnfordAlL Product:SI"N0156,
020501) (a) Contrast stretched, (b) High-passfiltered (11x11) to bringeut topographicdetail;contraststretchrd. (¢)High.pass
filtered(21x21); contraststretched.

tht' surface of Phobias al)lWal. ,, to h(' photom_'tricall.v this is d_mt' I)y notinR tlw c.hall_e in cratt,r shalw a', the
honlo_('l_t'OU.',, with no _,vidt,ut allwdo variations. In tilt, d_'pd_ o[ tilt. c.ratt,_"bt.conws conq)avabh, to the depth
IIt'Xt part of this section, wt, pr_'se_t evident<" for tb:, of the rt,_llith, l_('_,'dll._(,ot the small rang,, tff crater .siz_'s
('xistt'nc_' of a i'e_olith on l_,th satellites, lu a suhs_'qU('l_t res_flvahh, in tht' .'_lariner 9 satcllih, pictur_,s, it is im-
part, we will indicate how such a re_olith inav ol'i_inatt,, possibh, to carry <rot this procedure in tlw cast, of Phohos
"l'ht' bri,tr,ht markings on Dt'imos may bt. the rt,suh of ,t and Deimos.
recent hll]lact which has caused a t('ml_orary variation
in the rclzolith thickness, perhaps even hwallv (,xposil_g
the undt,rlying st,_rfac_,. " E. Satellite Photometry

q'lw phot'mwtric propt,rtle._ of Phobos and Lh,imos
Unfortu|lately, it is ditIicult to ohtain inorph_lo_ic contain il_[Ol'llaation about the nature of the satellites'

t,vidt,nce for the existence of a rctr,olith, on the .Moou, surfaces. To fully determine the photometric function,_

JPL TECHNICAL REPORT 32-1550, VOL. IV 379

\

q973023947-389



I

I
!

th,' ,.dclht,' ,urt.w,'... ,m .,.,urat_, km,_hd_, ,'_t tilt.jr In ph>tthl_ th,' indixldual mca,,urem_'nt., t-r thc tw,_

dlal_c., i.. Ii, t ,_, ,_ :,_ _:::'! !]:" ..'._!"" ,d {lu {d,.lltt. llid sat, lille', hI Fi,_. XXV-7. car_'x_,t_I.IL,.n t_ m,rmali:,- "1,. _._,t .dh-r n_ at .t _l'.('ll pmnt _)llth," snr{a_.. I&wplml,',i.u'tric p,fints ill ,t Ct)l_sistt'lll III;AIIIII'I'. For t',lch sdt_.'JJlt(', x-Ve il_l'_t+

pHll_,-,'x. ,HI," t.ttllu+t .t','.tlllt,' dlal l'hol+,_ aml l),'i,i.<_ litt,.d a cuhk. l.,_+l.xn,mLd iu ph.t_. ,ui_Ic t<_the" hri_ht

.m' sphcrit,d'. Furthcr rt'hllt-lnt'nt ,._f the ,,halw iuh_r, re-x,; vahlt',: ,lnd II'.;t'd tilt" valut' of the. r,,ultin'.z [ul_t+titm Iu,.thu_, _ix,.,, carli,,r ultim,tt<.!_ will supply tht. nccth.d ,0_a pha,,e an_h" of :?.11-to normali/t' individmd lm.,t,,urt'-

mhwmat_m, mt._lts. (_tmq+,u'in_ this mu'mali,'i:_ tactor fur the tw- i:+t
,,{tt'llites. wc find that tht- rati_ uf tht. rt.tlr¢'t,mct' _f

_, .tl_l'_r,_\iu,,tt,.l_h_to:ut'trit • t,mc'ti_m m.r. hi' _>btaiucd. l)t.im,_,; to that of Phohos is ,q)proximately 1._5 -::O.f_5. il

; xxith,mt knowin_ tl,t' ,'\act .',hal_V,¢.trmn the hri_l;tm.,,,, fh,nce, h, a x'_.rv _ond -q_proximatim_. the satellitt's +.i'

: at the. hu,l_ a, ,t |t:ncti_u: uf phase. ;u_lt'. lgw dark. tt._- ,rp t'qually dark. This is iu a_recmcnt with an indc- l+

tur.tllx cotnl+h'\ sur|act-,, such a', tho,,t. ,+t_ the .\hmu or penth'nt argument _ivcn in P,tper l. wht'rt, the saint"
: the a,t,.roids, a ,'s_,_d apl_r,_xim.ttitm to the photmnrtric cunc.lusian was drawn on tilt. basis of a comhi,latim_ of

1_i Iunctiou is tinct. XXV-12_: the .Xlariuer 9 size mt.itsurt'nlents and Earth-lmsed nla_ni- itude determinations. I

c-s i \/sti._.,__ c _.,,.,7--:;..,i.,Jt'"_ _:_+ Also ,;hox_n in Fi,1. XXV-7 are x'itl'ious eonq}arison {'
Z e-urvt.s. The salient l-'oint of an l;_,t) plot Is tilt' dt'ffrt'e of

tor tht' appaleut In'i_htuess at a _ix't'n point. Here C is etmeavitv. A very concave eurve has a low value, of FIu_ !

.l t:OIl',;t;.iilt:i;dltd ( ;tl't' tilt' all,It"; o[ hleidell(:(' _llld SC',ltt('l'- llt';.ir,t .¢j{):._lild FI',;('Ssharply ;is +tappro;.l(_'hes:_0:. This j
il_. r<'spuctiv_.ly: and ,t is th<" ph;tsc an_le. The equation indicates a slrol_ly backscatterin,.Z, surface such as that

, ,s only ;ipl_roximatt.. as [ in fact depends on i and _ _c,; of the .\hmn. Stron_ Imckst.atterin_ requires complex i
well ;is on _c howt.ver, for the typt' of surface considered surface texturt, and a dark surface material so that nmlti- l

here. the individual dependence on i and + is small, ple scattering is m'_li_ibh,. Surfaces made of brighter

From Equation '_l materials or those that have less intrieate textures shoxx Ito,. we n,av write: h.ss back.,,eatterint_ and have less ecmeave {that is. less ,

l_(limb.,_ [_,tt peaked_ F{+t)curves (of. Fi,_. XXV-7). For planetary
: -- Fi_t) (4/ surfaces, lar_e-seale surface roughness can have an im-

/:l(limb. 20_) [_20: )
portant effect on F(tt)(Ref. XX\-I',). For a _iven mate-

and Ft,t+ m;tv be re_arded as an approximate phott)- rial, F(tt) becomes more concave as larKe-seale sur[aee
• ' rou_l:ness increases. This is the main reason why the

metric function for the surface because, in eonjunetion
with Eqmttion (3t. it describes the scattering properties hmar curve 16) in Fi_. XXV-7 is more concave than tlu
of the surface. Apollo 12 hmar dust curve (5).

When ILi. a. and _tare all easily measurable. ;as in tilt, Figure XXV-7 shows that tilt, surface of Deimos is as

cast' ot hmar and laboratory observations, F(u) is e_.silv haekscatterin_ as is that of the .Moon, and that the surface
determined from Equation (3/. In the case of Phobos of Pholms may bt" even more baekscatterin_. \Vhether or
and l)eimos, i alld _ are usually uncertain as the shape not Phol)os and Deimos really have slightly diih'rent
of the satellites is m_t yet fully d,'t,',mined. But _ = 0 ° photometric functions will have to await a more thorough
at the limh. so that F(a) can be found from Equation (4) analysis when the shapes of the two satellites are more
if the In'i_htness at the limb era, be fu'md. We have accurately deter,nined.
assumed that, as for the Moon, the _:aaxhnum bri_htne,'s

at any phase angle occurs at the liml, and have estimated The photometric properties of the hmar surface are
these values from the digital photometric data eorre- usually attributed to the fact that it consists of a texturally
sponding to the nan'ow-angh, pit tur,'s of the satellites, complex regolith, made of very dark material. By analogy
By eonsidm-ing the dispersion ;n the limb brightm-ss from Fig. XXV-7, we infer that Phol)os and l)eimos may
values measured at various point:; .'th:ng the limb, we have surfaces of a similar nature. A regt,lith deep enough
have found g range in F(c0 frap't eaeb satellite picture, to cover the surface (at least a few millimeters) would
These are plotted against phase aagh- in Fig. XXV-7. We explain adequately the photometric data. But these oh-
suspect that most of the disperskm is ,4ue to significant servations emmot be said to prove the existence of a
slope variations close to the limb, but ,.ffee:.s of variations regolith in the usual sm_se of an a_retate of loose,
in surface albedo cannot be excluded, individual particles. A dark, very complex surface with

t
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Fig. XXV-7. Approximate photometric function of Phobos and Deimos. The function F(_)
• (see text) has been normalized to unity at phase angle = _ 20 °. The following curves are

j shown for comparison: (1) Bruderheim ordinary chondrite 74- to 150-um particles (normal

reflectance = 0.22), (2) chunks of tile same meteorite coated with particles <37 um

I (normal reflectance = 0.24) from Egan et al. (Ref. XXV-25), (3) limonite, coarse chunks
(normal reflectance = 0.14), (4) limonite 37- to 88-#m powder (normal reflectance = 0.17)
from Egan (Ref. XXV-26), (5) Apollo 12 lunar dust sample (normal retlect'_nce = 0.12) from
O'Leary and Briggs (Ref. XXV-27), (6) average curve for lunar regions based on Hapke (Ref.

XXV.28) and Shorthill et al. (Ref. XXV-29) (mean normal reflectance ._ 0.10), and (7)
furnace slag (normal reflectance = 0.09) from Halajian (Ref. XXV-30).

many cavities, ill which all particles are jointed together, by an impact is retained bv the comparatively large lunar
such as funmce slag (of. curve 7 in Fig. XXV-7) would t_ravitational field. However, almost all ojecta arisin_

do just as well. from an impact on Deimos or Phobos will escape from
these bodies, but as dcscdbcd below, it is the subsequent

history of this material that may lead to the formation

F, DevelopmentofaRegolith of a regolith.

Analysis of the photometric television data described in First we estimate the mean depth to which craters have
the previous paragraphs provides possible evidence for excavated the surface of Phobos and Deimos. The
the existence of a regolith on both satellites. Observations

excavated material is highly fragmented and serves asof Phobos made by the infrared radiometer (Ref. XXV-13)

durihg and immediateh" after a Phohos eclipse provide the source of the regolith, as it does on the Moon.
strong, independent evidence for a regolith on Phobos. According to Paper I, observed crater densities on both
The Earth-based polarimetric obscrvations of Deimos by satellites are close to the saturation limit--the limit
Zellncr (Ref. XXV-14) provide equally persuasive inde- reached when new craters are forming as fast as old ones

are obliterated. The observed differential number of
pendent evidence for a regolith on Deimos. The presence
of regoliths on bodies this small may be surprising at craters n(D) dD per square kilometer of area that have
first; an the Moon, the fine.grained dust originates from diameters within dD of D kilometers is given by (Paper I):

repeated fragmentation of the surface material by mete-
oroid impact. Ahnost all material fragmented and elected n(D) dD = 2 × 10-_D-3dD (5)
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i

The hacthm oI ,m'a /" coxcrcd by craters x_[t,>st,t|i.mjct,l lor I)cm)t_, .utd ,ujh'l_ ,t },_,_,,! ,'i1,1_) \tt,'r ,,n,- ,n _)
IS',hclxxt't'na ]owcl't.mnu_l).,t,,_,'-A;m upp'cr!)m.mtl.ll+ _,-x,'r.dsuch imp.tots.,it_xc}ocitxi.d]nbt],_sxthe ,,_.q_,- i
(-,tll[)l'_.Vli|tt'lllt_,: vclac,ty+ and it wdl tu, h-mp,u,tril) rvtapim,,d. lh,' r

l terli,nx m,ttcria[ pr<_thtccd b\ tht. impact o| th,- ,,c¢otltl.t, (+

1-+'- ,,-l) +-- (I)+ ,,,att.ri,d th,,", n,:t ,,nt,butc ,,,_mfk.t,ttl', to th, ,h,,,t
F .:'.,. ---_-dl) -_ " 2 "-. IO :In ,,_" _(i. around thc ,,,ttt.ll/h'._. Th,. rc,t,,ow, fin+ flu,, arc tuuiohl.

The secondary p,u'tich.s hart muth h.s,, kinctic, tqtt'l'(+_ h
In E, luation L(++.wc have u,.,.d,'etcd cratcr o\'crlap. B', th,m thc l),+im,try in,pactin_ p,utich.,,. +_,, ,t r,-,ult,

++ ,_cttin_ F cqtml to 0.5 ,tll(ll 1), cqual to thc lar_cst-,,i/cd the sccond,trh,_ t \c,tv,dc ,t Ill,IS',. ct)mpar,d_h, to tht u,-

cr,ttcr tm l_hobos tS kin;. we find that D, is 0.3:1 km This _t.lvc_. not much lar_er. This c'<c,iv,ltt'd terti,u+v m,ttcri,d I:
I vahlt, of D means th,tt 50c,._" of thc surfp.o' is covered l+x will have .t much ,qnalh.r ciccthm velocity than tht..,,cc-

craters wllt)sc size excct'ds I):. Thus. the depth of a crater ontl.u'v In,ttcri,tl originally had. _o that the tvrti,u'v re,t- I'
of _izc D, providvs an estimate of the mean depth to h.rial will not csc.al)C, or if it does+ it will 1,. rt.capturcd (

; which tht, observed craters h:tvt, e,_cavatcd material on much more quickly thau the st'condarv material. '
t Phobos. Takin,_ the avcra_v depth of a crater as one-si'_tlt

of thc cratt,r's di:unett'r ,her. XXV-15L we [had that this The rift result of all .such |)loct's.,,e,, :'.;ct+Papt'r ii hn"
! depth is ahout 5(I m for Pholms. The depth values arc dctails_ is that a significant fi'action of the mat,.ri.tl !

al)mtt it factor of :2 smaller for Dcimos. In makin_ thc ejected l>v impact._ is rccaptm'cd and scrxa.s to hu'm ,t )
almve cstitnate, we have ne_lectcd thc "'shieklin_" t'ffcct rc_olith. According to Paper II. the ste;tdv-st:m, soh_ti,,_ '
of eiccta produced by early craters on the formation of for the amount ofmass in orbit at a _i_.'(,ll tilll(" iS ()l|b." i

t [atcr craters, about 10-: and 10-: of the total mas,; excavatt.d on l)cimo.,,
!

, and Ph_l)os. rcHx.ctivel.v. The material close to thv sur-
The above mean dcpth is really a ]owcr bound ou the face probably has bt'_.n recycled many timcs. ,rod hcnct,

| depth of c\cav:ttion produced by craters on Phohos. as should consist of {int',. tam'c heavily .fragmented material

,1 some of the earlier craters l)robal)ly have been obliterated, than material locatcd at greater depths in the |'ra_ment,tl
To obtain au upl)t.r bound, wc consider the depth e\ca- laycr.
rated by the lar_cst crater, about 1 kin. If. ore, the past
history of Phobos. there were many craters produced

with an 8+kin diameter, still bigger impacts, bi,¢ enough G. Structureot Phobos and Deimos
to destroy Phobos. would be expected. \Vc therefore con-
elude that the mean depth of excavation is much h'ss Two very di[fercnt extreme models of the structure
than 1 kin. Combinin,,, this with the lower bound of 51) m of the satellites ar,' ++ossible. The satellites ma;" bc a--re-,..

given above, we estimate a mcan depth of excavation of gatcs of small dust grains, chiefly held together by
several lumdrcd meters for Phobos. The corresponding gravity: the.v also may be composcd of well consolklatcd
depth for Deimos is smaller by about a factor of 2. rock, in which case the structural strength of the rock

dominates the gravitational binding forces. Radically

This al)ove calculation indicates that a large volume different evolutionary histories are implicit in the two
of material on the tw,> satellites has been excavated and mo:lels. In this section, we use available evidence to try

fragmented by iml:acts. Now we consider the fate of the to choose between the two possibilities.
excavated material produced, following the discussion

of Soter (Rcf. XXV-16, Itcnceforth Paper II). A very large In Paper I, wc have argued that the energy needed to
fraction of the mater':al will have a sulficient velocity to produce the largest crater on Phobos might suificc to
escape from the weak gravitational fields of tht' satellites destroy the entire satellite, if it were gravitationally
(the escape velocity is about 12 p+/sec for Phobos and bound. This argument, based on a comn.only used scaling
about 6 m/see for Dcimos), hut insufficient velocity to law, may not necessarily be applicable. For the dust grain
escape fi'om the neighborhood of .Mars. Most of this model, the energy that goes into doin_ work against the
material will go into orbit about Mars rather than escape hydrostatic pressure resulting fi'om the formation of a
from the regiol_ around ,Mars or impact the planet. The cavity controls the size of the crater (gravity scaling);

- very smallest particles (less than 5/tltt) arc subject to large for the rock model, the energy tbat goes into fragmentin¢
periodic perturbation of the eccentricities of their orbits the ntaterial controls the size of the crater (strength
Iw radiation pressure and will be lost. However, the re- scaling). The constants of proportionality and the value !
mainder of the material reimpacts the satellites in a rather of the exponent in the relationship between crater diana-
short time (about 100 years [or Phobos and 10,000 years eter and impact energy are different in the tavo cases.

382 JPL TECHNICALREPORT32-1550, VOL. IV

i

1973023947-392



lu ,,,'.uehm_ t-or_mpiriv,d d,da rch.x ant h> the txx_nitu:- xxh_r,' p I{ . .rod _," art. thv d, rNtx r.ulhp,, and vt.hwitv
t_,,;,., v.- }_,:,- ,_:'u::'.!it ,.!i!!:,_,:!t t'_ ,d,_6.._ v.m.lu,.,xv -I the' .t.,t,'zoid. _c.p_ctix,'Iv. \%'v xxlll ._u.n" that p aml
re.Mr, v_p,.cl.tlly ,,lucy x_' muq vxtr.q_,d.d,, the' rv.ult_ V ,try' ._ _/cm .u.l I_) k.:t/..'t, rcHwc.h_ely ,l',,pers i
to ,t dilh'rcnt Craxit_ cmiromm.nt and t,_ material,, witl, ud II l-'-r th,. r.un'.v ol v,thws l.r _ _..n,,idvrcd t_ bc

unct.rt,,in prolwrti,:s, plat:_ll)l,' i_x h-t_'r 1.6 t. '2AL I{ _,triv,, fr-m 3_, to :2t}()lu
tor l'l,,hos, hts_'rtin,z these v,dut,'s into Equation (7_, wc

Ncvt.rtl,.h.ss, t_thcr ,tr_umcnts can bt, used t- indic'ate _i;,d tit,d:

that l'h.h,, and l)vim,.,, pr.l_ably ,uc _ompost'd _t wcll
! om,olidatvd matt,ri;tl. Firq wt, e-nsith'r morph_h)..z'ic,d :t.4 > 10= cr_ -_ E. _ 1.5 : 10- t'r_ (S!
, _.xkh.ncv. In P,q)v.- 1, it was pointt.d m_t that the _,\i`stence

of crah.rs with raist.d rims could bt" vxplaim.d bx t'ither The lowcr cnt,r_.v limit corr_.spond., t- the Iow,.st vah,e
mnth'l, t |()vs-t.v(,r,th, ])r(,,..;i..llCt.ot tim lon_ st¢.p-like lim.ar of s.
c(l_t"which runsthe h'u_thnf Phob-s iFi,_.XXV-3_ is

i quih. conclu,,ivv. It was ,,u_t'sted in Papt.r l that this In his c'alcul,:tions, Soter mak_'s ,t m_dt'_t correction
,, n " for the fact that _ome .Mars-crossin'4 asteroids >.re bein_', feature rt',,ultcd fr.m _'1",1_111(" tat_on and spaltin,_ at.com-

p,uLx'in_ an ,nusu;u:'" st'x'ere mt'teor_fid impact. Such lost with time, .so that the time-averagt'd population is

,l ft'ature.s ha.e I)t'_'n ol)serx't'd in lat)or,ttorv studies wht'n lar_vr than the prescut vah,e. This corr_.ctiou is bascd
the (,llel-_V of impact is h',,,s than the eller_t,y needed to upon the estimate made hv Opik (Ref. XXV-IS) of the
disintegrate the tar-et but is within ,tn order of ma-'_i- mean lifetime of pre.sent Mars-erossin_ asteroids. There
tuch' of this critical cnt'r,zxtFh'f..NXV-17). These labora- are two reasons to believe that this value should Iw
t.rv .studies have invoh'ed well consolidated material, si_ldfieantly lowered. First. in a more exact calculation,

and it is ditlicult to see how the lone step-like ed,.zc couh! .'_._dt'rs (Ref. XX\'-|.c)) has found that the ,nean lifetime
have resulted if Phobos were simply an a,¢,_re,_ate of is smaller by about a factor of :3 than asst,med by Opik.
small dust _rains. Formation ,)f fracture zon-s, us ol)- Second. the lifetime of the present population is not a

served in the labmatory experiments, results from the representative value: and, tmdoubtedly, there were many
dissipation of tla. ,;h_wk energy in a narrow band circum- more short-lived meteoroids present in th,, early hist_rv
vm_tin_ the su.t-ace of a circular region antipodal to the of the sohtr system (Ref. NXV-°0). As a result, the ahove
impact point. This is possibk, onh' in a crystalline values of L, are probably too low.
material.

Next we compare the above impact energy with the

In the part of this section th'seribing tht' Mariner 9 pie- himline, energy of a satellite for each of the two models.
In the _ravity-dominated model, for a homogeneoustures, the presence of ,t linear array o1_small craters was

noted Ll:i_. XXV-5a). If, as we .su,,z_ested, this crater array sphere, the binding energy is simply the gravitational
is the surface nmnifestation of a fi'aeture zone genera'ed potential energy, E,;

by a large nearby impact, this aeain points to a solid

Phobos. Sueh an explanation would be inconsistent with E,; 3 G.II: 3G (4_)-'a sand-grain model. -=]5 R - _ ..--f p:R" (9)

As a second line of argument, we consider the effect where G, M, R, and p arc the gravitational constant, the
of the largest meteoroid likely to hit the satellites within mass, radius, and density of the satellite, respectivel,v.
the age of the solar system. Could such an event break For this model, we assume that p is 1.6 g/cm and use
up the satellite? From considerations of the number of the observed radius of Phobos (Table XXV-I). This value
large, .Mars-crossing asteroids and impact theory, Soter of p is typical of the mean density of an aggregate of
(Pape_ II) has csti.natcd tim size of the largest asteroid sand grains but, 1)ecause of porosiW, is lower than the
likely to hit Phobos and Deimos over the ia.st 4_,_billion density of an individual grain. We find that:
years. The answer depends on tim exponent s describing
the cunmlative number of Mars-crossing asteroids, as he E, = 1.6 X 10:' erg (10)

has to extrapolate from the largest such asteroids that
can be observed to the size of interest. The energy of Thus, for most of the range of possible values of s, the

impact is the kinetic energy of the asteroid, E,: impact energy of the largest asteroid likely to have hit
Phobos exceeds its binding energy. Therefore, this model

2,r appears to be ruled out, unless s is very close to the low-
E, -----p,R_v d (7)3 ' est value plausible. Even in that case, the model is prob-
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ahlx untcT,.d_h-i,, \=_.x_,_| th=' .,t_,,,,w.t. _Ix¢'It th,tt the' \ct',_rdln_ t,_(.,_]dr, t_t= .tiJd %f_t,r Ih t \\\ -__ . tl.'
.dnt', t)| E m ['_quatl*)lli %' Ina', i),' too ]_xs b: .t ",,_.nlh- t;_;,; l" ;'.";'..:r ,I ?,, ,l,.,p,_ ._ ,at, lhtt thr,)n_h th,. _rlt-

,.ant iac'tor, tion,,l dI_q>.dl_,n c_ltld_• r.u_ d on it I_ it,, p,tr,'1fl i_l...*t
I", _IVlql ])'_:

F,,r tht- ,,hcnsth-d-nun._tvd m_d_'l, the" Inmhn_, cm'r_x

.,ax h,, x_nttcu a', _P.qwr [_: fit- :.' :: i_ rQ'
T 13I _o(,._I-

l-It
: E. --T-N Ill_
; :vh<,re*.Z:._Z. to,. r. (;. and 31 .m, the, imtLd a_ul,tr Hfi.
5

Equ,dm,_ , }l c.u, }_' de.rived }w consid_.rin', the work raW, [real .m_ular ,,pin rah.. ",.,h,lhte <h,nsitv. distains,
m,t,<h'd to t'r,,att, a t axitv _'qual to the 'qz_.of the ';atellitt' ht'tween the .',.dt'llite and pl,=.t't. _raxitational cfl_]stant.

1 a_.ainsttl.' torch,lwr ut.t area r,'prcst.ntcd by the strength, and l_]am'tar,v m,t_s,,rcspec-tt_,ly. All tlwsc factors ar_'
eitlwr wcli known or can .tde,lUatcly h_' _uessed. llw

J l_l,_u_ib],• _alucs for S are ]o" tr) lu' dynes/era- :l'aper l)rim'ii_,¢l une_,rt,lintv i_ the L_ctor Q'.. which incorl_r,ttcs
"I IL Tlwse v.du_,s impl) that. ior Phobo.s th,' d¢,t,dlsol tidal di,.,,ipation. It i,, rel,th,d to the ('_cctiv(,
! tidal dissipation factor O 'l)y Goldreich and Soter _Rt,f.

4.a - 1(i- er_ < E. < 4.a "/ l(I- er_ (I a) XXV-'_:3_:
i - -

"rims, flu- this model, it is highly likely that Phohos would (,)', (,),, 1 - 3S_,a'_l:3Gm-') _14_

m_t hc ,,lisinte,_r.ltcd by the local mcteocoid population.

i Coml,h'tcl_ ,malo_ous numl,t.rs and conclusions follow why're a, ;,. and m _:re tilt, satellite's radi,s, rigidity, and
• mass, rcspt.ctivcly. In the al,o,t, equations, tilt. satellite

i h_r l)eimos, has been assumed to be .splwrical. This is an aclcquatt,Tht, abox _,ar_u,m'nts indicate that Phobos and Deimos approximation for our purposes as rather large unccrtain-

I arc prol)al_ly composed of well consolidated material, ties e,tcr into tilt, calculation dwlow).It is difficult to see how _ueh a dc_rcc of c_)nsolidation
To evaluate Equation 113L w(, use tim inference that

could have resulted from the accretion of an ol)ject as tilt, .X,la_ti,m satellites co,sist of well consolidated ms-

small as Phol)os or 1)cimos. Stq_pose that the energy of terial. According, Iv, we assume p. is :3_/cm', _,is 3 × 10::formation is CCmlmrahle ta'the present _ravitational bind-
ill,_ I.,llel'_V. "['hel_ ;.l comparison of Equations (101 and dym's/cmL a value typical of uncon.qwessed solid rock
_121 indicates that the _ravitational cnt.r_y ava_lahlc is _{_,_('..KKV_% '._xd_). (,: _,,tu,,_ IO and 5(10.the ran,.,e
much too small to allow the formation of well consol- of values iofi'rred by (;oldrcicF, ,rod Sorer for the ter-

restrial planets and satellites. For this choice of param-idatcd material. It could be argued that tilt' kinetic
eters, the second term in Equation (14) is many orders

energy of tilt, accretin_ _rains could be much lar_er than of magnitude lar_er than tilt" ti.'st. If we assulne that the

tilt, _ravitational energy. Howex'cr. umh.r such circum- initial period of the sau'llites was 6 hr, a value typical of
stances, partich' impacts would eject more mass than asteroids and l)resumably other small bodies, and make
they would add to the forming satellite. This suggests use of the size information _,iven in Tabh" XXV-1, we fi,d

that Fhohos and Deimos were originally part of one or for T,. the time scale for despinning Deimos:
two much larger objects, for which E,; ,_ E, and that they

originated by fragmentation from these larger bodies (or 2,7 X 10" years < T, < 1.3 X 10"years (15)
body). It also is possible that other sources of energy, ....

such as short-lived radioactive materials (Ref. XXV-21) Tile corresponding time scales for Phobos are about 100
and the early solar wind (Ref. XXV-22), were available times shorter, principally because of the closer distance
to melt the original satellite material, of Phobos to Mars. Had we performed the same calcula-

tion for the gravity-dominated model, we would have

H. TimeScaleto AchieveSynchronousRotation found a much smaller value of T I)ecause of the smaller
value of ft. The numbers given in Equation (15) should

Considering Phobos and Deimos to be well consol- be treated with caution as the real value of _ is uncertain.
idatcd bodies, we can now return to the question of how However, if the above value of tt is incorrect, it is in the
long it will take for tidal forces to lock the satellites into sense of being an overestimate, in which case T should
synchronous rotation, be smaller.
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The' a}_o_c x.duc.', _}t T .tr," 'd,.z'mh_,udl.',h",_ than th,. l_ \ p,,_ltl_,' dct,.r,_m,dl.n-! tl,' _'_ ular .ttt t'h'ratl_,l
.;,_c'o! tb,' _,_1_r ..x,,lcm. Thcrclorr. the ,,att'll_t_'_sh,,dd _ ,ll h ,L,It,_ an ,',h,,.d,' ,:t d,' dis_ip,ttl(_u tunttl-I,
bc in svnchronou', rent.diem at thr pr¢.-_cnt tlnlc unit,,,, _,)' t_r \l.tl, .rod thcrcbx prc_td,. ,,omc lniorHi,t_tHn

thcv wcrc c,tpturcd bx \lars iu tht'x cry rcc_'nt l_,t_t ,-='T ,tb-ut tht, interior ,)t the. pl,m,'t I'
or if thcy wcrt. rrc'rntlv struck Iw a lar,_,t..wtc-r(fid l.t-t !!
t,s consider tht, lattcr po_sdfility in d,'tail. It ,t ,_,.t,._)r-id .2 It ,._tll p,'r,,_,! nv.'.,ninutul ,tudi,'_ _,t the ,,rh_t,tl
strikes the satellite, tan_cntiallx _,-_.sultin,.,m ,t _u,t'.in_um _.x,_lut_._,_! th,' ,,,_t,'lht,',.. thix _,,,tv help t,_ (.'l,tritx '|

_" tolqUC'_ frt)m eonsidcr,ttions of conscrvatiou (ff :,u_ul.tr var_,u_ h.xp,,thc,,_.s r,.,_',trdm,_' their _ui_in.
t monlrntlmL the cllan_e in ,;pin rate...x,_.., is _ivcn 1_ : _'u
" "l'hc .llnritlcr 9 pwturcs h,tx t. r,.,ult_.d i, tht. direct d_.- i_

i _x._.) m c t_',,dn,tti.n ,t the' _i/e, .t,d ,h,qws .t the' _at_.lhtcs. I_v li-- ' i I('il c, mbiuin,.' ti,',_' si/_.s xxith E,trth-I_,t,cd lu'i_htn_.,, _u_'a-
_).,, Ill _t(IP.,,

.',urcn,',,t', _l_cl. X\V-I(}. x_{' haxt' iufi.rrcd that 5.th

1 wher(, m,,. t>.,.and (( are the mcteoroid's mass. mrt('oroid's ,.at('llitcs have xrrx ]()xx ,.'c()n_('tric ,dl)cd,), .tl_t)ut (}.115L

t velocity, and a factor ()n the order of _. r(',.pcctivcl.v. Note I.'_in,., ,t x('rx Iow.rt,,()luti_m .Uartm r 7 picture ()t Phi)i),,.
• , , -)

that. if the excavated material i_ ejected _vmmetrieallv pr_i_,c't,'d ,,,.,ai,_t \1.," , .";mith _R_.f. XX\---, _i_t.tim'd
about the local normal, it will impart no net torque, x'.duc,; ,f tl,' q_alW and .dlwd,' ,t Ph_)l._ i,_ _,_c_da_rc,..

mcnt with our results. Such h_w albcdo suggests that th('
,at(.llit_,s cou_i.st _'ithm tff c,trl_onaccou_ c'h_udrite (_r

i Let us ex'aluatc Etluation (I(3t f(u"the lar_cst mt'teor(_id basaltic mate,'i,d. Color inform;ttion currently lwi_ ,m-

likely to strike Dci,_c_¢ -_,','ordin_ to Paper II. the radius ah zcd may hel l) distinguish bctwt.t'n tlws_, two possibdi-
of this objrct ran,_cs between 16 and 16(/ ,u. dependm_ tics. The fact that l)hobos and l)eimo_ have aim-st
on thc value of the pol_ul;_.tion indcx s. L'sin,_, the s;u_w

identical albedos may su,¢,_est a common con,p,_sition.numbers to characterize a meteoroid as in the re_,_lith
discussion, we find that _x(J/p. is about _-.,for the 160-m

obj,'et. We see from E(tuation t l::;_ that the time scalc Several pieces of evidence imply that the _atellites
required to rector,., Dcimos to,;ynchron_us rotation would posscss a regolith. Its _ene_is may he untlt.r_tood in terms
I)c about _ T,. Notin_ that T _- x_2= r,,. where r: ix the of impact events excax'atin_ material, which e_(..ape,;from
meteoroid's ra_lius, we see that the time scale required the satellite.._oes iuto orbit about \lars. and is cvcntuallv

to restore synchronous rotatim_ falls sharply as the size recaptured. Material near the surface is prolmhly rc-
of the impacting object is reduct'd. Similar fiRures hold cycled many times.
for Phobos. -l'he above time seah,s can be used to set
lower bounds on the time since a satellite was last hit by Both satellites appear to be in synchr_mous rotation.

This is consistent with the final spin stat,' expected froma metcoroid of a Riven size. These times a,'e much shorter tidal evolution. The time scale for tidal evolution is short

than the mean time between collisions by impacting; compared with the age of the solar s.vstem, and the time
objects of a _ixen size. For cxamph,, with the 160-m between collisions with meteoroids that can :;i_nificantly
meteoroid, the mean time i_'_terval between successive alter the rotation period.collisions is 4.5 billion years.

Several are;uments were advanced to indicate that

I. Conclusionsand Prospectus Phobos and Deimos are made of well consolidated ma-
terial and once may have been parts of much lar_er ob-

The principal Mariner 9 findings eoncernin_ Phobos ject_. As the bombardment rates prol_ably were much
and Deimos will now be summa,'ized, and suggestions higher in the early history of the solar system, the fray-
made for satellite studies on future space missions to meutation of large bodies may have been much more
Mars, such as Viking. Our knowledge of the orbits of common at that time than it is now.
Phobos and Deimos has been improved as a result of the

Mariner 9 imagery of the satellites. Additional analysis Finally, let us consider the potential of future space-
of the pictures, which span a time period of about 1 craft photography of Phobos and Deimos, for example
year, should result in a more accurate determination of from the Viking Orbiters. First, this would provide a
the sccuLu" acceleration of Phobos than is possible from baseline of about 5 years for orbital studies, which would
Earth-based measurements. An ac_t,rate value of tiffs mean a gain by about a factor of 5 in the accuracy with
parameter is of ioterest for two reasons: which secular acceleration could be measured. There are
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__ h.wt.u_t ht'_'11I_hcm)ur,q_h_'d.d lushn ...lutum.lu tl.. <_Itl..,,._.hlhlieu.eraU'rmc)rI_h,,l._,l',+c-.I.t.,Ipic-
! 11+

c.t_.-Il'h.l.,_._uch phut(i_r.q_lLxc-uldh'..lt,_a _'+,,.-tuv_'_c-uhl,'..t_'t:dti.'_,'.uchi,u",mM+,,_...d,.,ut,.--.

ph't_" thr_'_,-thmt'u,,i<m.d n'_,<u_',tr:wti()u <_tIll,, ',,m'lht_. ,t ',,...hi. x_l,t(.h _,,c',lwciall,, iuq)t)rt,mt ,,m(c tl,. I_<" I,u_,
t,tsk x:hich i,, pr(,_'ntlv u_<h'rw,).v x,,=th d,' lil.ul, _1 (I.it,t ,,m'lht, s lu,tx h,tx, rc_ultcd tr_,, th,' lu<'.&up ,,1 , I,u'_','_

i ptc,,,'t.tl+x .t_,til;d)h'. It_ .tddit_m_. pic'turt,s ,it (l(_.<.r r,tn_<" l.)clv ()r l._dtc,. \luch ll,ts l)c,.u h.tr,,t.d. Ira! :,mt.h v,-
cm+l(I I_t obtained |r(_lll ,I tt_xx in(.'lh_,ttiou -rb_t. Ih_lwr- u_,tiu,, t_) IH, I, .trued It x_mld I)t. ,t pflx d tuttnne tmssim_x
r<'st)hmon l)ictu,'t.s c)l l)hohos wmdd haxt. m,t.v adv.tn- did t,ut prtwtde ,t c.utu_t,,tt_u, uI th+-.xx.rk
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XXVi. The Mariner 9 Celestial Mechanics Experiment:
A Status Report

Jack Lorell

Jet Propulsion Laboratory/Cahforma Institute of Technology, Pasadena, California 9] 103

Irwin I. Shapiro
Department of Earth and Planetary Sciences

Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

A. GravityFieldandRelatedConstants uuct,rtainty in the direct solar radiation pressure, etteets
of .Mars radiati<m (rett,'cted and infrared), unmodeh,d

Tlwre an, two main objee6ves in the .Mars _ravity- eilects of the l)r_pa_ation inediulu, mlcertainti_,s in the

field analysis. The first i_ to _enerate a picture ot the trackin_ ._tation loeatimls, and, pt'rhaps most important.

_ravity field which can I)t, u,ed in c.onjtmction with other the umnodeled (high-de_4rcc harmonics) portion of the
types of data to elucidate the interior, sm'face structure.

_z'avit.v ficlcl.
and history of ,Mars. The sc.c'ond is to aid the orbit deter-

mination aspect of the rclativity experiment, as discussed A vntdtipmn,,,ed attack has been made in an effort to

in the next part of this section, extract from the data a .Mars _ravit.v moth'l of reasonabh'

fidelity. Various spherical harmonic models have been

It has been found that the Martian gravity field is made rangin_ through degree and order 10, and often

rougher (i.e., the harmonic expansion coefficients art' inehtding several zonal harmonics beyond the basic ,_ize
larger) than had been expected by about an ordcr of of the model.
magnitude. Thus, to represent the field to a given accu-
racy, it is ncces:;ary to include a larger number of terms in

In addition to the spherical harmonic analysis, a par-

thc spherical harmoni.: expansion than had been planned, allel effort using a surface mass repre",,ntation is being

As a result, in the ar.alysis, one is called up,_n to simul- pursued with some success. This technique invoh'es the

taneously estimate upwald of 50 parameters. Because of differentiation of Doppler residuals for acceleration con-
this large number, _.nd because of the large correlations

tours, similar to the technique uscd to detect lunar
exhibited by these parametcrs in the estimator, the models mascons. Preliminary conclusions from the surface-mass

of the Mars gravity potential are very sensitive to in- studies include the following:
adcquacies in the mathematical model of the Doppler

shift of the spacecraft's radio signal. Among the known (1) There is one very large gravity high covering the

error sources arc the unmodeled spacec,raft gas leaks, region of Nix Olympica and the three peaks to the
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,.]_.u,,i,,!t :_l,] ld,tn, ttl', .l_tl,,._.ll- [_tl _,t.l', tied I.-i tl. 'l. til ,:].r'lb _l. _l,t_lt Lll_' .t(<Nl,',('\ [h,' ,I.dl L.LD!.

; N,',I,! I1,_ ,Itll It, ,,!h,r r,,,ll,,,,I _l..... , ,10, I m.u.+.l ,,llll, II_,l ,._lglm,.lnm .trt. ([tlv..N'._._'t_hl,_l

-_ ll,,,h,,t, ..I,L_', ,_t ,!,tl t lu,, .... tlt_ lit ','_1_',Ib l),ggfi, I ,i It,
,tl, ll..,,I lit ,+,tl,ltl ,tlq. qj! ,,11, ,,I ,t t,,., IIL,..-. h,,_+,t}, t \t,, .'+,, td;,ll llil'[ ,d (lu' I:l,tli\]l',. tli.tl','.l', in 't,, Cbhl

_Itl, If,, +t.'.,. i.d,,l i.ar-ti,'_' l)<m,[, t¢_ ,I, til:,tit,i ]..ttth- lll,Ii.iti,,11 .lllil ll.-.i l,i ])lltl_,t i)i.tiH't,tI'*, t I1h(111,'ll+I, , "Ill '_,

\1 u. *!l.t.u., "llll,. ,'.ill. ,._1, .l_,.,<l<di i,ur_:, _l,,._ m_,,l_,. Ill, ,,u'lil,dl_,ll ,,t .dl .l\.ul,dd,' *G_u,.d t,ull,

,.,trtlN_ul fluid' I- .t'.,,It'i.tbd .t l,_i,,I,I t_,_lul _l,nlt t, .::l,! ,l).u._'tl.dl d.t'..+L ill,it li.Lxt' b,'t'l, <[',.t'tiillidd.l,<i IH I],'.'.!
, ".'., titl.tll\ Ill," I'_<utll--\Ltr,, d,,,t._n,.,' d< t, in,ll,,I tl,,lll tiHt ",., .tl'..

lUlt+tii.t[ l)i)+i'l'r' ,tlt + _d)t,ttltt +I l.i''' It i,ttl' it". l+.t',tl'+' t' I" <It' l+_'' '""' 'd flu + I,U'.Z_' nill,iiH'r <_i ',i,util |Jill'| "+,_)b.,it t'_t<II,

d<'tt ri,iil.'tl It', ,LdiIlt+l+t'lltia] t lli+t'ttl(Hl l+Jlti(', ",'+,,il IIi _I,+_I+ h lit', tt +, ttiil i'<tll\ t() _t\' ,t III( .th+llUilti i',ttIH,ttt _d

tht" r,'htti'+itx. ,,(d<tr CtH'I'lht+ <ttl(l l+l.tlt,'t,tt\ tI+litHl, t,- l ", ,'2 ll<i','+t'._r, xlilll(' llltlltli('i'_ <+| tilt" (','h",thd I....

l'_,tt'<Llt1('t,'t'+., ;.trt' i-,,t{tltdtttl, l)ttL th," _r.t'+itx {i_.h{ <_it lit- _l, ,:lit, t, ,tin .t)" _i,trth.dl\ l,l+iilnlstit- t}l,tt tilt. hi, ,l

c-lt+d _, ,ud.[ +,|),tt:t.cr_tlt. (if'bit ])ar:.tNit't(.t,, ,ttt + [t(i l_lli_tr tit. ,l,tmt,, ',,.dl llt. ia tht + t+t.+_hl)()t'h(tt)({ ll{ tit)J+. \'.+Ilt_Ii

; tti',t)lvt'(l. \_,,uhl l,'lil_",I'tit ,t .,t.xt'ral-hdd llll|+l,+\t'lllt'ltt It\it tl,

i I_t< ",iIll .it ( ill',|,, \ 111 tlt,' ¢It't('lltl+li.:_ti(>lt _l| tills _lu,tntil\
.\ tn<_d_.l +fl flu, lll('dtl t'[lt'L't it| th(' _,(_],Lt"(1)l_Hl,t |+it tl,, ,a,,l \_,,uhl ,' r\_ t;_ ',!i',tin_ui',h rcli,,+I,l_ 1,, t,,,.,.,, It,,

(d>,,t r\ald(' i,, im'Ittd¢'d hi tht' dtl,th,l _, llu\_<'\, l. tit'<.ttl+,t ' l+t,,li, t,i)tt, h<i,+i (t-itt't',tl rt.t:+t',ixitv diid tlt,r,,t. |rtiili th,'
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• XXVil. Mars Gravity FieldVia the
Short Data Arcs

W. L. Sjogren, J. Lorell, S. J. Rembo. J, and R. N. Wimberly
Jet Propulsion Laboratory/Cahfornla Inst0tute of Technology, Pasadena, California 91103

The classi('ai approach of obtainint_ planetary -_ravity tribution via point masses. 3ome prt.liminary values are
fields ust's lou_ arcs of satellite tracking d_-'a and esti- reported here.
mates th,,. t_)eifieients for a spherit_d harmonk: expansion
(Refs. XXVII-1 throut_h XXVII-3). However, the analysis
presented utdizes the hi_h-frt,quency variations in :ell- A. Data

tively short arcs of data: each arc is analyztxl indepen- The data were derived from spacecraft velocity ob-
d('ntly, and results for each art. plotted on a composite, servations (Doppler) taken 1 hr before periapsis to 1 hr
Although these results are more qualitative than quanti- after periapsis. The sampling rate was one observation
tative, they can be scaled to give some quantitative per minute (i,e., 120 points for each independent are),
valucs. Tilt" ,malysis tt'clmique is essentially the same as
that used ou hmar orbit data to study the mascons and having a ope-sigma noise level of 1 mm/sec. The special

spacecraft orb.tal geometry required for this experiment
_*ther lunar _ravity anomalies (Rcfs. XXVII-4 through wa_ not avai,ahle until May and June 1972, when the
NXVII.6). The dr'tail that is so evident ill the lunar data orbital pla,;e was ahnost parallel with the Earth-Mars
cannot be obtained with the Mars data because of the line, and the Earth-Mars periapsis angle was near rain-
high spacecraft altitudes (i.e., 10 to 30 km for the Moon, imum (Fig. XXVII-1). This s_ometry allowed the Doppler
1650 to 5000 km for Mars). However, there are definite observations to measure almost directly the vertical corn-
re,imps that do correlate with broad topography and ponent of gravity. Figure XXVII-2 shows the gravita-
allow geophysical interpretation, tianal forces acting on the spacecraft for a surface mass

anomaly. If one places the Earth near the top of Fig.
There is also another short-arc analysis scheme. Data XXVII-2 and in the plane of the paper, one clearly sees

reduction using this method has just begun, and it ap- that the vertical accelerations are ahnost directly mea-
peals that these results will be more realistic than the sured by the Doppler observables (at least for features
map reported in this article. It yields a surface mass dis- near the Earth-Mars line).

m
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i 3n .!_..... , Fig. XXVII.2. Gravity force from a surface mass anomaly.
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! o< 300 4rDo 500 REVNo acquhTd. Tilt diMllhutioll o[ orl)iLll _rouud tracks m't.r

"I APRILll JUNE1 JULY 20 DATE the \l,u'tian _;lii'f,lc_' fill" _l,ic'li dat,l w(.re ()JR,iiilud is I

Fig. XXVII-1. Orbit geometry. ._hov,'ii hi k'i_s XXVll-3 and XXVII-4. Each (.urvc.l! art" i
, of ulirt'it(:lablc iltllni)t-r£ i-t'l)i't,,_t'llt.',; till' data fl'Olll ;ill i

orbital track, t
, Two inlh'l)t'nd('nt data blocks w('re acquired, t't/CJl I

covt,rhl,j ;t pi'riod o[ 37 days. I)urill_ tills hltervai, Ilow-

t,vt,r, Ilot till tracking data wcrc ot)tained |)(.c;.lllgt' of B. Reductionand Results
_liit('nlia ('Olllllliinit,nts to otlwr projects. Sillt'(" onh the

04-ill _liltt'lin_l ill; Gotdstone c_l.iI lock oil to tilt, wi,ak sit_na] Eacll orbit of data (tilt, 2 llr ot: data ll('ar pi,riapsis)

I [roln the ._l')ac.et.raft at ,l distance (If 2.-i AL'. data could w.ls analyzed its itll hldt.pendunt sut. An orbit di'tl'rlnina-

lit' acquired onlv t'_,'i,'l'$"otller revo|ution. OlllV 21 tracks lion pro_ranl witll all .{,n('iwIi dynamical and l)lly_ioal
(illl_ Of ;l possibh, 37 h'acks tSTgE) ill tile first block, and |)ht'nOlllt'll_t was uscd in thl. calculation Of the l)ol)ph'r

06 out of 37 t70%) ill tilt' st'tonal block acluall)' were nlt'_isurt'nlel),ts. Pot tit(' .Mars 7rarity field, only tile Ct,ll-

_o_...... ...... ;,.-' ' 'v.L,," /'._ , / J_-7-' yIJ.d_,/ " "

2o ",oo,,,o_c,,o.-%"..\_\ , _ .... _-> -,..... .,..
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Fig. XXVII-3. Accelerations for orbital tracks during revolutions 336 to 408. ,_
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Fig. XXVII-4. Accelerations for orbital tracks during revolutions414 to 488.

tral it, rill ii.n(l tht, l: ol)lak'ncs._ term w(,irt, indudt'cl, alllili('d (i._'., bhmdrr points relnovt, d and prolx.r splint,
(1., = 0.1,9"_ _ 10--', G3I-----42828.4:39 killl/st'c:.) Tht, n an fits obtaint,({), all at.ct,i(,rations fronl ;l block of orhits

iteraliv(. Iclist-squarcs solution was obtainrd for the best wcr(, plotted Oil a .%h,rcator projection sheet that could

I sl.i;ici'cra{t lx)sitioil and vdocity at epoch. TIlt > Dopl)l(>r ovi,riay a /nap of Mars. Tills inh'rint'cliah" printout is
ri,sidua]._ ft'lliilillill_ alrh'r tilt, solution _x'(,rt, attribuh,d to showll in Figs. XXVII-3 ;in(| XXVII-4. Tlw most st'iisitk'e

.Mal'iial_ _ri_vit)'-fi(qd variations ovt'r ilii_l abort' thl, J., rt, gion was periapsis (o4_ latitude), where the altitude

tl'riil (Fi_. XXVII-S), The rt'sit|uais wt,re nt, xt fit with wa._ 1050 kill. At 55-'._ the altitude wa 5000 I,li, and lit
))atoh('d c_lbic ._l_lint's havin_ second d_,i'ivatives con- 60_S iht, altituclc was o300 kill. No _o, _.tion was nladt,

tintious at the patch points. These wore analytically dif- to the accclcrations to normalize tht'ln to a uniforn_ sur-

fcrentiatcd, providing linmof-sight accrh'rations. A typical
portioii t:)O rain of an orbit of data) is shown in Fig.

tile apprr_priate spacecraft positions were stored on inag- o¢ 0,40 I it
nctic tapes. When all orbits had bccn thoroughly cx- _ • DOPPLERRESIDUALS,IHzl 1

_.O 0.30 --o ACCEI.ERATION$_mm/sec2 _1 ..
_ SPLINEFIT _ _

I I li;r i I ; i °=-i / "\
RE _1_" N

376 0.10

• _ - Y w--.. . I It- t I ,,.,q !-- % _,_ _*,:*=* / ,_._,._00LI .I }. I i"l r. i y i , o._ ,_ -_=._==.
oJ_L;< 1:",1-11I".,1..."1I- .o.,oI

I ._,,. _=/_<It-,_,,_,_,_I 1 _ /. " " - I I I"_ _ _" ' "_
-0._L_._ ,: , . ,/ , , , , _ -o._o; , ' .,7 \ t

_ . g .o.,o 1o L -T I Ilq, 1 I I ,4 I

0 0.2 -0.4 0.6 0.8 1.0 1.2 1.4 i,6 1.8 2.02.2 ,_0 33 36 39 42 45 48 51 54 60 ,

TIME, hr TIME, rain ."

Fig. XXVII-& Typical Doppler residuals, Fig. XXVII-6. Typical spline fit for Ic¢tlerition dltl,
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|,lee heit_ht. Ttw acceler,ttion sheet was then contoured. To _ive some _uidclines on the interpretation and con-

alld tile elHliotlt'_ iti milligals wt,rt, sup,'rimposcd on a clusion to be made from these re'suits, a study was made
Martian map _l:ie. XXVII-7). Although the coverage u.';inRsimulated data. which were Own procc.s_cd in prc-
fr-m the first I)h)ck is not as complete as the second, the cisely the same manner as thc real data reduction. The
acceleration map_ (Fi_s. XXVll-3 and XXVII-4) art- sire- primary observations from the study were that:

liar, thus showint_ consistcne.v of the data and the' redue- (H Only :30% of the perturbin_ force is detected.
tion technique. "

(2.) A large neRative acceleration is introduced near
periapsis in the cast, where only one positwe ahem-

Another contour map of the sccond block of data (rove- air is placed beyond periapsis (i.e.. :30° farther
: lutions 414 to 488_ was _enerated using a third-degree along track).
-; potcntial model' as the basic reference. The second- and

third-degree tcrms used in this model are the best deter- (:3) The maximum positive ac_ceh,ration locations art'
: mincd coetficients so far obtained in the ha,m_onic anal- near the location of the perturbing m_csses.

t vsis el dw Mariner 9 tracking data. \Vhen Figs. XXVII-7
and XXVII-S are compared, striking differences can be Another study, which at present has onh' a few limited

1 results but may provide a good estimate of a surface
sccn. The third-order model has reduccd the Tharsis .
anomaly as expected: however, is doin_ so. it has intro- mass distribution in the ne;,r future, can now provide

i duc'ed variations in the region 180: in longitude from the some additional confidence in the results shown in Fig.

Tharsis area, which previously was smoother using the 1_, XXVII-7. The approach of the stndv is to estimate dv-
' reference. Therefore, since spurious variations from the namically, surface mass points directly beneath tile space-

craft track as well as spacecraft state parameters usingthird-degree model developed, it seems that, for more
realistic interpretation of results, the ]: reference (Fig. the same data arcs previously described. The residuals
XXVII-7I should be adopted, approach the random noise of 1 ram/see, and tile mass

' values reflect a surface distribution. Results from only
five different data arc reductions are available so far,

i t].. _-. (k001.t1644, C_,: - -0.5508 x 10-L S.,, = 0.3142 × 10-L and these are displayed in Table XXVII-1. Lines 1C t 11.(1478 X lil -_, S t "-- {I.2662 × 10-L C,_ --- 0.0496 ×
10;, b. -- 0.0355 × 10 '. These values are based on restdts of through 4 show that consistencv in the mass values is
the 2ravit.v anabsi,. 'rod differ only slightly from those reported clearly evident when orbit arcs arc overlapping. Again,
by Lorellet al. ( ltof. XXVII-7). consistency is good even with a 10° separation between

4o ' _73t" ';"

' -I|.$ -.." -

-,tO _""

-60
180 150 t20 90 60 30 0 330 300 270 240 210 180

LONGITUOE_deg

Fig.XXVII,7. Contoursof accelerationdata fromrevolutions414 to 488 usinga J:
base(units:milligals;unnormallzedfor spacecrahaltitude).
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| LONGITUDE,dog

i Fig. XXVII-8. Contours of acceleration data from revolutions 414 to 488 using a

| third-order base Omits: mi!ligals; unnormalized for spacecraft a_titude).

! Table XXVII-1. Surface mass a estimates
i

.Ma._s v,due h .Mas_ _ alue _' Formal
L,ditude, Lor_;t;tde,

Line (leg 'dog ( first ( _econd standard Remarksre_olution _ revolution _ deviation

o -15 - "_ _" 4.5 4.0 0.7 overlappin_

:'_ _-3 -|7 ._N__ _..0 .-_4,*'_'_-- 0.9 |.' r(',-ollltions3_6

4 -t:_ - 29 ( 12.7 _, 1:3.0 0.9 and 414

i I q'h arst.'.;region,

5 -40 136 14.0 7.1 0.9 orbits 39 days apart,:IC _C

6' - 10 '20 _ 76.0 _ 76.8 1.1 orbits do not overlap,

°1 i7d 12 ' 105 "C 95.4 > 87.9 1.0 10 ° separation,

8 40 90 73.9 67.1 2.4 rex olutinns 388
anti 468

9 .... 12 -69 I[--11.6 -- 0.0cq

10 -25 --80 _. ) - 7.8 -- (I.5 ltellas region, one

11 - 3 --86 _ '_-- 8,4 -- 0.5 orbit, revolution 482

12 17 -93 (- 10.6 -- 0.7

aAll n.asses are point mas_c_ 100 kn, below surface.

bMass values are surface mas_ point estimates (ti_ ided by total Martian mass × 10';.

¢South Spot.

_North Spot.

eHellas.
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orbit tracks _line_ 7 and 8L If one uses tilt. 0.95 × 10 ' the _ravity high to the _ravity low at Ion_itu&' :_5:

GM (!ira' 7) and (.al(.ulates an acceleratum at tilt' space- appcars to be realistic also.
craft altitude, the result is 65 millit_aIs. Appl.ving the filet
that only :3(Ic'_of the total ptTtorbin_ force is dct,,cted Continuin_ eastward, the gravity fickl seems to bt' rela-
in tilt' Fi_. XXVII-7 solution, tilt. comparablc value is 20 tivt'lv smooth with a high dcvt'lopin_ near 210 _ lon_itudt'.
milli_als. This seems to bt' within reasonal)h' a_¢rcement There al"e ll() siirtac'(' lllas._ t,stilnatvs to compure for
_ith thc 1-tY, milligals hov n on Fi,4. XNVll-7. However. this hi,4h: however, tht're is one rcductiou west ot it ox'tT

the large negative re!qons _Fi_. XXVII-7) north and south the Hellas basin. As shown in Tabh' XXVII-1 _lim's !)

of the Tharsis anomaly are completely inconsistent with through 12L all masses are m,_ative: therefore, it does
the surface mass estimate. These negatives must ])(' coil- llot rt'veal Hellas its a iii;.ls('Oll;.15OllC might suspvct from

:! sidered crrom'ous aml attributed to the least-squares hmar _taMivs. The lara_e positive anomaly at 24()_ hn._i-

: smoothin_ proc'e_s in analogy with the previously men- tude in Fi_. XXVII-.9 is not detcctcd. This may be tmrcal
: in the spherical hurmonic east', for tile data scnsitMtv; tioned simulated data eases.

(i.e., high altitudes and occulted re,ion) is low in this
t

' Another comparison of tile Tharsis region can be oh- region, and to en:tble tilt, good Tharsis fit an erroncous
.. . . ,, _ bulgc may have bcen introduced.tained from Fi,, XXVII-9 (Fig. 1 of Ref. XX\ tI-1 . whichJ

shows the equivalent surface mass distrilmtion obtained Comparison with an Earth gravity field can be seen
from harmonic analysis. The calculation of the amount usin._ Figs. XNVII-7 and XXVII-10 IRef. XXVII-81.
of mass in tht, 2-kin-high cone (25000-kin-radius cone) Remember that the Y,lars field shown in this fi_ure is a
centered at 120° longitude yields a value of 1..9 X 10-' factor of 3.:3 too small and that it lies betwecn 1650- and

GM.. This i.-. in Kood agrcemt, nt with Table XXViI-1 5000-kin ahitudes. The falloff with altitude is not quite

i 0incs 6 and 7, revolution 388). tht' inverse squart', lint that rule is close enough, For
example, the largest .Mars anomaly is about 50 milhKals

We believe that the orientation of the Tharsis positive at 2200 kin, wh,,reas Earth's largest anomaly would

high to include the Nix Olympica area is real. The cor- be about :3 milligals. Mars definitely has a much largerrelation with the large 300-kin-long canyon running from gravity variation than Earth.

T r _l 1 { l _ ',

"o

-30

,, I I I _._-L ; ! 1 1 I I 1
180 150 120 90 60 30 0 330 300 270 240 210 180

WEST LONGITUDE, deg

Fig. XXVll-9. Contours of equivalent surface height deduced from a sixth.degree spherical
harmonic model for a Mars gravity field. (Contour interval is 250 m; units: kilometers.)
Contours represent the deviations from sphericity ef a uniformly dense body with the
external potential given by the sixth.degree solution with the effect of J= omitted (Ref.
Xl_ll.1).
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(_I3.3 h_w. and the'l.u_cm'_ativ,"an_mmlic, ,ut.t'rrmw-_nl.s.The'It_olutionoff,',',,,_'-i, ,m the'c_nh'ror:20_1()km.

.40°

! _----_-__ _1 t- I10: hm_ih:d(,/. Thi.s is ahnost perh.ctly cor- I_
' - _ related with the largt' radar p_'ak n,sults I lh,fs, jl,

: -180 ° -120 ° -60° 0° +600 +120° +180° XXVII-9 ,rod XXVII-I()_ and the pr('\'imls _ravity ]i
_, m_l rcsults _Ref. XXVII-I_,. it has an amplitude, of 5(_ ]'.

milli,_als tal_o_e1: t'i[cct)at og.00-km altitude, and

i Ag AT 1000-kin ELEVATION implies a 5Ill'f_.lce IIILISS allOlllalv of appro\imatt.lv i'• j,

] 1.0 ( lO ' GM. or 6.4 X 10-'-' _. This anomaly is 17

timt,s _rt,ater than any on Earth and implies that

t .Mars mu._t haw a crust much thick('r than that of

"_ _ _N_ _,, 7/(_I/" _ Earth to support this load. or that surface materia|s

I _ must I)t, much stronger, or that the anomaly has its+400 , O.

I kk{_. origin in fairly recent geoh)gic history.

I 0°

) #..._,_____1_ _ _21 Ther(,arenolargcnc_ativegra,'ityanonialiesconl-, ___ parable to tilt. po_,nve.

__0o t'_ _ _' [3/ The lar,¢e 3(_)0-km canyon seems to originate in
-- _ a _ravity high and end ill a _ravity l_w. This would

-180° -120° .-60° 0 ° +6@ +120° +180° be consistent with any hypothesis for fluid ttow in

L_g, mg_l tile chamwl.

/_3 AT 10,000-kin ELEVATION (4) No mascon was detected in the Hellas basin

Fig. XXVll-lO. Contours of acceleration at lO00-km elevation although one its size, if it cxisted, should be within
(top) and lO,O00-km elevation (bottom) for Earth's gravity field resolution of these data. Tile surface mass estimate

(units: milligals; referenced to International Ellipsoid;see Ref. yielded a negative anomaly of -0.12 X 10-' GMe
XXVil-8). or -7.7 × I0 -'_g.

C, Summary (5) A more realistic gravity map should be forthcoming

TIw final results of this reduction (Fig. XXVII-7) must from our current work on the estimation of a grid

be interpreted cautiously. The accelerations arc qualita- of surface mass points.
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XXVIII. Mars Gravity DerivedFrom Long-Period
Motion of Mariner 9

A. J. Ferrari and E. J. Christensen
Jet PropulsionLaboratory/CaliforniaInstitute u_Technology,Pasadena,Cahfornia91103

Tile long-period motion of Mariner 9 was perturbed by A, Mathematical Theory
the non-eeutral properties of the Martian mass distribu-
tion and by tile disturbing effects of the Sun, solar radi- The time dependence induced in each of tile Kepler
ation, and other planets. As expressions for both n-body elements by perturbing effects is given by the Lagrange
and solar radiation perturbations are well known (Refs. perturbation equations (Rcf. XXVIII-8)
XXVIII-I and XXVIII-2), the long-period variations in

the orbital elements can be adjusted to remove these d_"
effects. The resulting orhital elemeot variations can, there- dt - t.,,,_] _,, y_,,F(a, e, i) [C_,,,cos _h,,,_,q+ S_,,,sin qz_,,,p_]

fore, be ascribed to anomalous Martian gravity features.
+ + + (1)

The spherical harmonic coefficients in the gravity field

of Mars are determined using a two-stage filtering pro- wher.e _"!s the six-vector of orbital elements (a, e, i, _, _,

eess. In the first stage, a weighted least-squares orbit M), ks, k_, and _'sR are the solar gravity, Jupiter, and
c'etermination processor is applied to Mariner 9 Doppler solar radiation pressure perturbations and
tracking data tu estimate Kepler elements and rates. In
the second ,,;tage, the Kepler element rates are used as
input to another weighted least-squares processor that q'_"Pq= (_ - 2p)(_ + (_ - 2p + q) M + m (f_ -0) (2)
estimates gravity coefficients using the Lagrange pertur-
bation equations. The novelty in this method is the fitting where I and m are the degree and order of the spherical
of element rates rather than the elements themselves, harmonic coefficients in the Mars gravity field, p and q are

This procedure hopefully dccouples the results from the dummy indices, and 0 is the sidereal time. Using first-
effects of internal spacecraft dynamics such as venting, order perturbation theory, solutions to these equations
or at least makes them less sc',:sitive, can be approximated. If only the variations generated

from Mars non-central gravity are considered, the solu-
This section presents the theory and equations that tion is a function of qJz,,,pq,and the harmonics ha Equation

constitute the method. Some preliminary results are given (1) will generate almost periodic orbital element rates
which demonstrate the effectiveness of the method in with the characteristics as given in Table XXVIII-1. Be- _:._

determining gravity coefficients, cause the orbital period of Mariner 9 and the rotation '.i_.
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TableXXVIII-1.Harmonicperturbations B. First-Stage Filter

Tcnn Type Period in this start.. |)atchv._ _d l),q_plcr data arc pr,_,','_ed to
(h'terufin¢. the lone-term tim_' history of the 31,riner 9

( _ - 2p _- q I l(l Short period 12 hr or h s_ m'bital ell'merits. "l'h_' (n'l,it dt,termmaticm strate-x used

, m (./._ -- t}) Medium pt.riod 2-t hr or less \vils to p_'l',or n ,l stq'h '_, ot onv-r('volutiou lit., ush_ data
(£- 2p)¢3 l,ong period Years ]_t'gimfin_ _,bout 4 hr before apoapsis and eontinuin,z.

L to 4 ]n" afier apoapsis. The solution vector in all cases
e m :- 0 _ was the six-ve('tor (ff orbital _'l('m_'ntsrHer('nc_,d to tim('"1

"i (_ --2p) - 0 _ Sccu|ar Constant rate ()f al)oapsis. Anaivsi_ has shown that the osc'ulatin_ o,'-
_' ])ita] ek'm('nts at apoap_is ,u_ vc'rv near the ax'¢'ra_('

eh,mcnts. Each solution product's ,m e_timated state vec-
' tor at apoapsis and an associated covariance matrix.
1 pcriod of M_.rs arc ahnost commensurable (1::2), a res-

i onance condition vxists for some of the siaort-period per- The traiectory model ust'd in this Jilter includes tlw

turbations. The commensurability of rotation periods is perturbation etl_ects of C.... md those of the Sun. Jupitcr.
defined by the relation and solar radiation pressure.

0 £'| " "_

In this equation _'(t.,) is the state vector at apoapsis: 8_',..
Mariner 9 was ahnost at the critical inclination (value of 8h'-. 8k-,._3k.,r are the explicit expressions for the pertur-
inclination at which the C...,,secular fate Of ¢],is ZerO); bation ('fleets of C .... the Sun. Jupiter. and solar radiation.

hence, the ratc of the argument of perifocus is small rela- The orbit determination process is repeated for each
tire to (z and _1. Using the commensurability condition available revolution of data. The Kepler elt,m(,m rates
_i\'en b.v Equation (:3) and ,;, = 0, the following relation-

are found by algebraically using three sets of apoapsis
ship is obtained: estimates.

_=[(,-"2,,+q)-jn-_._l _4) For the purpose of prelin,inary investigation, infli_ht
L J

orbit determinations and predictions were used to Ken-

For resonance, _ = 0; hence: crate pseudo element rates for Mariner 9. A history
of the Keph, r elements of the orbit (relative to .Mars
true equator of date), obtained from the Mariner 9DI

(i - 2p + q) = -_ (5) Navigation Team, was used to describe the lon_,-period
variations in the orbit (see Fi_s. XXVIII-1 and XXVIII-2;

Any even-ordered harmonic in tht, gravity field generates Ref. XXVIII-4). These orbital element variations are
• ' " obtained by samplin-_ shm't-are (one to six revolutions)terms that fulfill tiffs relationship, and thus creates a

resonance perturbation in the orbital elements (Ref. orbit determination solutions mace per satellite revolution
XXVIII-3). For the orbital configuration of Mariner 9, at pcriapsis and apoapsis. Only the apoapsis history was
the dominant resonance perturbations have a period of used, as periapsis n'sults were noisier because of the inter-
about 19.5 days. action between short- and long-period effects. The Kepler

• elements used span Mariner revolutions 5 through 502

The long-period motion of Mariner 9 is found by tak- (about 250 days). The scmimajor axis and anomalistic
ing the averaKe of the perturbatim_s over the orbital period variations are referenced to an epoch value at
period. All perturbation terms with a period of 12 hr or apoapsis 5. In order to show periodic variations on this
less average to zero. The rcsulting motion is characterized scale, the remaining ehnents are referenced to hvo differ-
by secular and long-period variations generated by zonal ent epochs: one at apoapsis 5 and one at apoapsis 95.
harmonics, resonance' variations from all even-degree tes- (Reference values are given in Table XXVII-2.)

serals, interacting medium-period�short-period variations
fi'om all odd-ordered tesserals, and long-period n-body An average error in the estimate for these orbital ele-
perturbations, ments is:
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-o.OS.o.m; "::J "_tTRImBUrN2 b- :v- :: '- determination.l_r°hh'msassociated with node in the phme of the sky
<

o.o3' Pseudo rates were generated by using 3lariner 9

._ ,_ _. £., /\ .'_ ..q a _. 7" " apoapsis history as the average value orbital elements.

.: o,o_ , '. ; " : / " ; ',:'_.'-,. , .', " The psuedo rates were formed as:
._ :, '¢ k,: '_ "J g,' b: \1 L.' g. :

-o.ol ; " : "_LTr,mBUrN2 - k(A,.,) -- k(A,)

v _ _(A,.._.)= 4e (7}
-o.oa t _ _ t t . t t _ I

ss _os _ss _s 2ss 305 33:_ _os _s sos

AmAPSISNUMBEr where _'(A,) is the value of the orbital element state at

Fig. XXVIII-1. In-plane orbital elements, apoapsis N, and P is the anomalistic period. These calcu-
lated element rates contain n-body and solar pressure

effects which must be removed so that remaining Kepler

Table XXVlll.2. Refers-neevalues element rates _'_ are ascribed to the non-central part of
Mars gravity. The corrected orbital element rates are

Apoapsis 5 Apoapsls 95 found as:

a: 12636,91km e= 0.60(,9897 _. _. _ _., "-P = 11,98028hr i = 6,1:3845 = -- G -- - kin, (8)

e = 0.621734 O = 3.t71737
The pseudo long-term variations obtained for Mariner 9i = 64°7257 o_=: -25*9870

II = 42?679 orbital elements arc shown in Fig. XXVIII-3, These ele- "'

_o.1,30o0 meat rates have been edited to remove points derived
across the trina maneuver, and others of obvious irregular

5
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Fig.XXVRI-3.Orbitalelementratevariations.

character. An examination of these variations reveals taro where ,,_ is the error variance among the rates aqd r,, is
distinct periodie effects. Analysis has shown that the the eovariance. Approximate weighting matriees for the
apparent presence of two periodic variations is caused element rates were obtained by transformin_ orbital
by short- and medium-period interactions arising from element eovariance matrices into rate matrices as t!ollows.
the odd-ordered tesserals in the Mars gravity.

w-, =cov_-(a,.,_)__ [eo,,_(A,,,)+ eo,._'(A,i]
The orbital element rates are simultaneous]y processed

-, to obtain gravity coefficients. Because the input to the (10)
second-stage filter consists of six different quantities, a

In calculating this weighting matrix, cross-product termsweighting matrix is required to define the relative accu-
racies of each of the rates. The weighting matrix for the were assumed to be zero.
orbital e]cmerR rates, W, is a (6 X 6) matrix having the

following form (Ref. XXVIII-5): C. Second-StageFilter

,r_ r_ r_.... _,,, The gravity field determination is performed in a sec-
ond weighted least-squares filter that uses as input the

r.., crTi r_a ... r..,,_ Kepler element rates, the estimated Kepler elements, and
a weighting matrix, and outputs a set of spherical har-

W -* = (9) monie coefficients {see Fig. XXVIII-4). The perturbation
equations for Mars gravity are of the form:
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XXIX. Data Acquisition and Editing for the. '
i Celestial Mechanics Experiment

W. L. Martin, A. I. Zygielbaum. and J. W. Layland
Jet Propuls=onLabcratory/Ca_fforntaInstituteof Technology,Pasadena,Cahforn;a91103

R. Peasenberg
MassachusettsInst=tuteof Technology.Cambridge,Massachusetts02139

A. Doppler-%bsystem o = ._p.wec'ratttopocentric r,mge rate
I

I Figure XXIX-I _s a _implified olock diagram of the c = velocity of light in a vacuum
radio trackin:: _,:bsystem. i,, which the critical elements _ = columnar time rate of change of charged-particle

are the frequency standard and its distribution subsystem, density

as the, ultin,ately limit the accuracy of boil, range ,tad B ( 1
Dopl-h'r measurements. A rubithum vapor standard with ,== _ xi"" + _ ia,i (2)
a _tabilitv of a few ;,arts in 10': serves as the primary where
reference. After frequency multiplication to S-band and
additional amplification, the carrier is tr'msmitted to the B = 4(I.:31weber/m-'

spacecraft wl,ere a phase-loeked receiver-transmitter L,, = uplink columnar time rate of change of charged-
system filters the signal, introduces a slight frequency particle density

shift, and retransmits it to the ground. Doppler is mea- ld,, = downlinkcolumnartime rate of change of eharged-
sured bc comparing the received frequeney with that particle density
currenth" being Iraasmitted. The voltage output from the
Doppler extraetor. V_ _Ref. XXIX-1) is deseribed by: Thus, the lopocentric range rate is measured by a fre-

quency shift on the RF carrier produced by the Doppler
effect. Mechanization of the Doppler extractor requires

' v: that the sample he taken over some non-zero time interwd.
V_ = cos + _ + a tit (1) This amounts to measuring the range ehange occurring :

• o c_" while the sample is being taken. Doppler data are col-
where letted as a cmnulative cycle count and treated solely as a

change in phase delay, as any attempt to convert these
b = transponder frequency multiplication ratio data to a change in range (meters) must necessarily in-

' (240:221) voh, e assumptions regarding the propagation of radio
• f = transmitted S-band carrier frequency waves.
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H

B. Ranging Subsystem The carrier, phase-modulated by the range code, is
transmitted to the spacecraft where the radio subsystem

-' l_,,,g,'4.' _raup_ ,1,.lav_ is obtained by. counting cycles, of dcmndulates the code. Thereafter. this signal is modulated
the rul_idimn frcquenc.v ,;tandard which occur between on the new carrier frequency for return to the ground
the tr._n_mi_ion aml reception of an encoded signal, station. Upon arrival, the information present in the
Range in this c,mtext is a measurempnt of elapsed time second IF (10 Nlllz) of the ground receiver is of the form
rather than distance, and. as with Doppler. attempts at (see Ref;.._LXIX-2 and _-_XIX-3):
conversion to the ,-tter form must involve assumptions

regardin_ the veloclt 3 ,,f radio signals. V_ = cos[,,,,t + _cos t I + Oo)] {4/

0 The sequential t.Mui ranging system measures the time where
required for an encoded signal to traverse the distance

, It

from _round station to spacecraft and to return. The V_ = voltage output from receiver's IO-MHz IF II" machine is connected to and receives its instructions

from a computer !ocated at the tracking station. A direct _, = 2_- X 10: (receivel IF carrier frequency) "
i teletype data link with the Jet Propulsion Laboratory ,, t
t allows real-time monitoring of the ranging data. %, = spacecraft's modulation ii_dex i

; cos ( ) = squarew, ve approximation of cos ( ); i

Opcratioll is as iollows: A squarewave range code. + 1 if cos ( ) > O; -1 ff cos _ ) < 0 J
coherent with the transmitted carrier, is generated by !
applying a harnionie of the rubidium frequency standard 0o = phase shift in modulation caused by spacecraft's t

I to a binary counter. Each of 18 counter outputs is indi- range !

vidually selectable for modulatin_ the transmitter. Tl,e -/= perturbation of range code caused by space- l
period t,, of the n 'h squarewave range code component is craft's velocity and charged-particle activity in

• l
given by: medium

i

I  x2,,

L[( 't. = 3t, (:3)
./ = w_ 1+ -- a dt (5)

where _, is the synthesizer frequency, obtained from the
frequency distribution system (Fig. XXIX-1). where ..... = 2=J,,,, and ],, is the modulation frequency.

POWER PHASE ,_ FREQUENCY
AMPLIFIER MODULATOR DISTRIBUIION ql- FREQUENCYSTANDARD

RAN GE
CODE

RECEIVED

DIPLEXER RANGE [

,._ RANGING '_f =66MHz

SUBSYSTEM s
RANGE

DATA ,PHASE-LOCKEDJ..,__ DOPPLER el- I

-I RECEIVER,, I -I EXTRACTOR

l k"---'-_ DOPPLER DATA

LOCAL I

OSCILLATOR I

Fig.XXlX-1. SIrnpllfledradiotrackingsubsystemblockdiagram.
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"Flit"ctmlp,irison ot Equation.; t I k _-tk and 151illustrates single ten-conlponent acquisition with an indefinite num-
th' et|,,t.t elf phast' arid _roup propagation velociqes upon her of redetermiliations of ""e highest-frequency code
ttu, respective signals. This difference forms the bas_s of pil:lse. If the,requisition ,tai]e p,ew aequi_;.tion could be
the diticrcnccd range versu_ integrated l)oppler ¢I)RV'ID_ initiated only lw stopping . rest:,rting the program.
me,isurements and provides ,t measure of the columnar therehv losing data for ont und-trlp light time. A
time rah. o| eham4e of the charged-particle densib', mission-oriented software sys dubbed "Super .Mu"

was designed ,pecifically to ,_ort the Mariner 9
Range is measured hv comp,_ring the phase of the re- relatix itv experiment.

tul'nhaK codt- with a loeallx generated model. A ramie
acquisition comprises the measurement of a complete set

The tund,lmental distinction between Super Mu and' oi:codes. Correlation detection is used to ohtaii_ a quarl-
..... hx t, measure of the phase shift caused Iw the round- previous programs is the ability to "pipe-line" data acquisi-
trip flight time. Ranging code conlponent 1, whose period tions. Because of the long round-trip light time, several

i is ,q)proximatel.x :2 s,_c,c, determines the range measure- comph, tc acquisition sequences can be strung in the
J mt,nt'_ prt'cision, whih, the lower-frequency components Coldstom_spaeecraft-Coldstone ray path. Each time the

serve to resolve amhiguides a_sociated with the frequent program initiates a transmit sequence, it sets a time flag
repetiuon of the higher-frequency codes. An a priori esti- for one rolmd-trip light time later in the program's

scheduk, r. At this time. the acquisition receive sequencemate of ran tr.e limits the required code length, or repeti-
ix started. The prt;gram is capahle of pipelining up to: lion period, to ,i v:llue sufficient to resolve the error in

that e:;timate I ltef. XXIX-2L 511acquisitions. This feature is especially important during
superior coniunction when, because of weak signals and

.Measurement precision is dependent upon both system high system noise temperatures, the probability of a
successful acquisition is small.calihration and signal conditions. Before launch, the time

delay in the spacecraft's radio is carefiilly calibrated over

a variety of signal and temperature conditions. Daily Four major t,perator supplied parameters (TI, T2, CR,
anti CT) determine the operating characteristic of Super

grount] eqtlilMnent calibration. when used together with

adjustments to cornpensate for the delay caused by the .\lu. T] is tile integration time for phase determination of
spacecraft's electronics, ensures that the errors contributed the first, the highest-frequency, component. All other
hy these sources do not exceed a few meters (Ref. XXIX-3). components are integrated for time T2. T1 thus estab-

An additional error in the range measurement is intro-

duced hv the additive noise. As the ranging signal-to-noise I,ooo,o00 .. • I t I - -'1-" I
ratio beconaes poorer, the integration, or averaging time,

IlltlSt lit" increased to maintain a constant level of un- SYSTi:MNOISETEMI_RATUR[,biT= 30*K _ _ = 10nsoc

ccrtain:y. Figure XXIX-2 shows the predicted hvo-way ioo,lm
range error for several integration times and signal ton- : _ "_'_
ditious, l)uring the .'tloi'iner 9 naission, the received = 3on_<
ranging power varied from about - 185 dBm to a mini- i to,000 --50,,,_
mnm (if --205 dBm. Integration times were selected to d = 7o._,_
kee l) the range uncertainty less than 100 nsec (15 m) and =r- = ioon_,<
preferably less than 30 nsec (5 m). _ Ioee

= 200 nl41c

=3oon_c
100 = ,_0n_4c

C. SpecialAdaptiveRangingProgram : 7oo--<
= IO00 n_c

The ranging system is controlled and operated by a to

medium-scale digital computer, th._ Xerox Data Systems
920. The range calculations _,nd all interface functions are

accomplished hy appropriate softy,are. The original sys- I' I I I I I
tern software used during the Afariner 6 and 7 missions -I_ -i_0 -170 -180 -19o .200 -2i0
was oriented toward hardware checkout rather than RECtJVtORANOInOS;GnAtI,OwE_,_

mission support. This program was capable of only a Fig.XXIX-2.Predictedtwo.wayrangeerror.
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I |

lis]:.'_ a hound ml tilt' measurenlent precision Lgig. ex,unplv, t'mnl_OUt'nts Ill ,rod 11 ,.idh,r |Lv appr.\im.dely
XKIX-:?.L \vhile Ta estahlishes the prohahility of a sue- "22nsecbecauseo(DHV[l).
cessful acquisition The range ambiguity is determined Iw
tile llunll_er of code components to he transmitted CT.
The munher of code components to be rec,eived phls the O. Programmed Local Oscillator
numlmr of phase redeterminations of the first component Becauq, ot tilt. _reat disp,uity hetwet'n the up- m3

isCR. down-link tr,msmittiug powers _400 kW vs 20 V','< tilt'
ground receiver was operating near threshold ior much
of the .Xlarh,'r ._smissmu. Scintillations caused by solar

Super .Sht older,ties c.olltilulatlIv, startin_ a new ,tcquisl-
" ' t.'orond ,tetivity at small Sun-Earth-probe angles pre-

tion as soon as the previous one is completed. Operating_ vcntec| tilt' receiver from properly locking to the spaee-
paranaeters can he changed without affecting any current craft's signal. "lqle result was a cemplete loss tff data
or ilmuinent aequisition receive sequences. The operator approxim_qely 1 week before superior eon_m_ction when

i can also force a new acquisition without losing any data spacecraft aeeelerations caused the received flc'qut,ncy
al.eadv in tilt, pipelint'. The ability t,,_ make dynamic t_ changc from that to which the recei\er had heeu
clhm_es in the program enhant'ed the ranging experiments tuned. A Hwctral broadening experiment, being conducted
hv allowin_ tilt, experimenter to mot|try operat;.ng param- ('oncurrentlv with Mari_ler 9. employed a programmed

t eters to fit operating conditions in real time. lot.a[ oscillator _PLOL Arrangements were made to con-

nect this device to the rec'eiver supplying., range and i

R;m_,e data computed I)3"Super Mu was sent autom,_tic- 1)oppler data. Using a computed ephemeris to keep the
ally to tile (,xperimenters by way of telet.vpe. Figure receiver tuned to the correct frequency at all times, the !
XXIX-3 is a typical acquisition printout. Each acquisition PLO eliminated virtualh" all loop stress in the phase-
is 1}receded i}v a hel der giving the spacecraft, date. and locked receiver. Thus. when the coronal activity decreased
_perating parameters. The time that the receive and suffieientl.v to allow signal penetration, the receiver could

i transmit coders are synchronized is TO. This is the time at easily acquire and holt the down-link carrier long enoughwhich the spacecraft's range is measured, by fixing tilt, to adequately measure range and Doppler. During the
relationship hetween the returning range code and its critical snperior conjunction period, several good data
locally generated model. Each succeeding line represents points were obtained because of this additional equip-
the data associated with the receipt of a component. The ment.
range uumher is the range in microseconds modulo the
period of the indicated component. I)RVID is not mea-
sured during the first CT components, in this case 1 to 8. E. High-Power Transmitter
After CT components are received, all succeeding corn- As superior conim_ction approached, the radio signal,
ponents are the recleten_inations of the highest-frequene.v ah'eady weakened by distance (2.5 AU) was further de-
eompom, nts phase. If there were no charged-particle graded by a high system noise temperature. NT, of sev-
effects, the range number would not change. In the pre._ent eral hvndred degrees Kelvin caused by imperfections

(side 'ohes} in tile pattern of the 64-m t210-ft) antenna.
To compensate for the poor ranging signal-to-noise ratio.

_,,-egTffwwte. acu:rt2F_-_ s,_2"_e_s_a_ ct m }_oee the new high-power transmitter was pushed to its full_r._ _.._ _... _._z=_. . .... output of 400 kW. The twentvfold improvement in_ iT_ -
1(_158 1,J -,|161h_ -.ale|91 -.19_,_ t_ a._s_a,zaa,_: ranging power resulted in a concomitant increase ill the
1_t.158 2,1 -.417#_ ,It_ 136 ",I_9911 |$ .I,19J_,ll_,7_ 13

_;_ aa -.,m_ ..._ -,_,,_z _ _._sa_u_._ numher of acquisitions during a tracking pass. Typical
16_3_fi t,l_ ,tI_6S._ ,git_66 -,1B1911 IJ 1,16_,_._1fl3} l;'J

_e*_ _.l .a_es_i .,Irt_ -._sn_e I_ r.aeeas_e_na accltlisition eolmts of 10/day rose to ;is zllany as 60 for
16t558 6,1 .115++1 -,lllltk$ -,191,,_6 13 ?.16_.+al++SH+ DATA

_ _,_ ._ ..m_ -,_s_ _ _._._s_m the equivalt-nt period and resulted in a correspondingly
1_17_1 8.1 -,1151;," _i.lJ115 -, 1S6_.6_ I._ 131.115, {5579_'_

usual _.t .m_es -,,_z,r9 -.u_,_ ,_ _.,_._rg_zs:_a_ greater probability of obtaining successful range mea-
ll_all It, ,|1J169 ",i 19623 -,19157] 13 13,1.S16619151!
165_.1_ _1, ,111176 -,_2|551 ",1¢'15_1 |} 1-.3_,$3$_}_9111 sl.ir_lnent so

TIME COMP RAW RANGE a b IU4NGE
blLI_ER CH._NNEk t_ _ t NL.W,I_ER

METER(dBm) F. Real-TimeOperations
(a xtOb)

Members of the celestial mechanics team participated

Fig.XXIX-3,Typicalacquisition"SuperMt¢' printout, in real-time mission operations during the critical period i
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' _- ' " _ acquisition with Iongcr averagin_ times and sta--2o -lo o lo _o -20 -Io o _o :o
_,wDrH, H= _NVW._TH,H= tionary, Catlssi,tu. and trend-lree data noise.

(a)AUGUST 30, 1977; SEPANGLE = 3. I-_ [b) SEPTEMBER3, 1972; SEE'ANGLE : 1.9.5"

t2) Near the timt' of superior conjunction, a sutt_ "Len_
number of illdependent .tc(tuisitions was neces-

sary to l_ermit the range data te h,.. used for space-
cr,tft urbit determination.

-,to -_ 0 :,o 4o -,0 -z0 0 2o _ t31 The range estimate had to be precise, on tile order
_.NDWIDTH. H... [tANDWIDTH, Hz

tel ACGUISII!ON 6, SEPTEMBER7, |972, (d) ACOU_C.!TIC)N lb, SEPTEMBER7, 1972, t)f ().l ,_tS(2C.
18.19 G.MT; SEPANGLE = 1.0_ 20:5.8 G,M'/; -r.? A.S/_L_ _ 1.05=

: Fig. XXIX-4.3pectralspreading of RFcarrier, t4) The rzmge had to lw dctcrmined unanllliguously
_ (i.e.. tile length of the longest code must substan-

;. of August and Septemher. A special comrnunications line tial[," exceed th_ :: pr_,:ri r,mge unccrt :.-,'L

i was provide--.i .:'hivh comwcted the ranging advisor's desk
The amount of time allotted to spacecraft ranging wasin the Spz.cc F:i_.,,htOperations Facility with the st:ilion

t opcr,ding pt-r.so:mel at (:oldstone. Thepurpose of this link limited by the availability of the ground equipnwnt.
) was to allow virtually instantancot, s modification of the Given that a trade had to be made arqong precision, num-

tracking parameters bascd upon information obtained her of acquisitions, and amlaiguity tile most efficient
from a variety ot sources, utilization of available time was considered in two separ-t

._] ate tenlporal regions: Eli far from superior conjunction
_lnore than 60 days), and (2) near superior conjunction

One such source was tile previously mentioned spectral (within I0 days).
broadening experiment. As the plasma's activity in the
ray path increased because of a decreasing Sun-Earth- In ill(; tirst region, the rangin_ signal power was always
prolw angle, the spectral width of the spacecraft's carrier greater than -'900 dBm; thus. the averaging time needed

- was increased from a fraction of a llertz to several tens to achieve a precision of 0.1 /<seewas under 5 rain (seeof ttert;,. Figure XXIX-4 indicates the extent of this Fig. XXIX-2). In the usual operation, 10 range corn-

broadening at various times throughout the superior con- ponents were used yielding an ambiguity of 150 kin. This
junction period. To prevent hunting, an effort was made exceeds the a priori uncertainty in range by a factor of
to adjust the receiver's loop bandwidth to a value corn- not less than 50. With the averaging time for components
mensuratc with the spectral width. Additionally. changes .9 through 10 normally 2 rain. the probability of an am-
in tilt, ranging integration times and nmnlaer of code corn- higuity error at -200 dBm ranging, power was approxi-

ponents were made to take advantage of present signal matel.v 1 in 50 for each acquisition. The total averaging
conditions, time for component l (five estinaations at 3-min averaging

time each) was 15 min so that an acquisition required
:3:3min.

Received ranging power, as measured lay the ranging

etluil)mcnt, also provided an inclic;:tion of the amount of In the second region, the solar corona had a severe

distortion introduced by the medium. As the received degrading effect on the signal. The Doppler receiver was
ranging power fell, integration times could be adjusted to unable to consistently hold lock, which set an upper
compensate, or the numher of code components could lie bound on the averaging time for component 1, and
reduced to complete the range measurements more placed a greater part of the burden of spacecraft orbit
quickly, determination on the range data.

Near tile time of superior conjunction, the system was
G. System Analysis run in two modes differing in the choice of the period of

During the Mariner 9 mission, four operational COla- the highest-frequency code. In one, the usual 2-ttsec code _i
was used; in the other, component 3, an 8-#see code was

straints were placed on the ranging system: used. In both, the longest component was numher 6, '_
(1) Enough independent acquisitions were to be ob- which gave an ambiguity of 10 km; the averaging times '_

tained in order that errors could be detected by in- were typically 5 and 3 min, respectively, for the shortest ,_
tereomparison. This is equivalent to using a single component and each of the other components. The '_
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hi_hc_i-lrt'quencyc'omponeutwas e_timatcdtwice,once !T
II

at the beginning and once at the end o[ each acquisition. _

h,d.,,, U,,,.,farperform .d.,,,,I,"the.rstesti-,hate of tlu' highest-frequency component has been used, _. 0 _. _ / /
lai,'e,tuw l)opph'r t'ounter dippa_tc apl.cars as an additive o '-,.A%/z
error, tilt' ',;('con([ t's[illl,d(' h;.ls i lt.t.n h,,nporarily rciected, z cuanr_et2

o Ji I
F.vcntually. each esfimatmn of flit' bigbest-trequenc.v a

, ('omp.'mcnt will he treated as a scparate observation. The ]}
i time tags will be moved fi'om the start of the acquisition .,, r =__i tl

.' to tile :n,dpoi,d o( the c,,mp(ment :,'eraging interval, anti [i
: the range corrected lw the observed Doppler. integrated S_,ACtC_Ftcode_ [

to the new time. t
rtct_vt_cooc J 1 l-" I

I

H. Data Editing Fig.XXIX-5.Rangingreceiveroutputcharacteristics, l

i ()m. ot the most difficult tasks lacing the ceh, stial it

_ mechao.ics team was the ex post facto screening to _l:ig. XXIX-51 for the 0 ° code. with the result that the ;
select usable points. Typicall.v. 2(1to 40 range acquisitions system will be integrating essentially pure noise.
were made during a pass. several of which contained ]

errors cansed Iw thc plasma activity m,d poor signal- Usinghoth the O* and90* reference codes together, the i
to-noise ratios. To avoid any chance of biasing the received eode's phase can be estimated, and the erroneous 1

, experimenl, it was decided to use onh' those range decisions on the preceding component can possibly be '
" measurements that cot,ld be certified as good beyond "n_ cm_ccted. Moreover, the correlation between the received

reasonahle douhts. Developing an acceptance criteria to code and any phase shift of the reference codes also can

meet these rather stringent requirements was no small
be computed. The noise disturbing these estimates is

task. Eventuall.v. several tests were combined to grade ahnost exclusively additive White Gaussian noise. It is
each point, with the provision that a single failure would well known in communications theory that ti e correla-
necessitate rejection, titre between such a noisy signal and some Omit energy}

local reference is proportional to the log of the proba-

Perhaps the most impo,'taot test was the likelihood hiliqv that the received signal is equivalent to that local
plots, which provided a quanitative measure of the data reference (Refs. XXIX-4 and XXIX-5I.
quahty. As previously deserihed, the ranging system mea-
sures the phase shift introduced into a sequence of square- The received code in the ranging system is a square-
waves by their round-trip time of flight to the spacecraft, wave at some unknown phase. The correlation function
In doing so. the received signal is correlated against two for possible phases of this received squarewave can be
phase shifts of a local reference coder which is a replica constructed, using correlation measurements obtained
of the transmitted code at 0* and 9(1°. Correlation rune- with the 0* and 90* reference codes. Periodicity of the

lions for the two phases appear in Fig. XXIX-5. For the individt, al correlation fimctions, together with the har-
first, or highest-frequency, squarewave signal, the phase monte relationships existing between the range code
of the arriving code is estimated directly from these two components, allows construction of a single composite
measurements. A delay is then introduced into the local correlation or likelihood function for the complete set

reference coder until its 0* signal corresponds in phase to of codes,
the code being received from the spacecraft. Thereafter,
the phase of the second received range code component The compomld full-acquisition range signal likelihood

must be either 0* or 180" with respect to the local coder, function has been plotted for a number of acquisitions
Subsequent operation shifts the 0* local reference code near superior conjunction (Fig. XXIX-6). The zero delay
to align it with that being received from the spacecraft, point (left edge) on these curves corresponds to the phase
Shifting decisions are made using the 0* reference only; estimated for the first component, while the maxlrnum

if an error is made, the next lower-frequency square- delay point (right edge) corresponds again to that zero
wave will be at 90* or 270* rather than 0* or 180". This delay point displaced by the period o1: the lowest.
corresponds to the zero point in the correlation function frequency code.
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1and likelihood raises a stroe_ l)resmnl)tion that the mea-
-urem,ml i_ t..rret.t .Moreover. upon examinin_ signal

a_ = spectrograms for the corrcspondint_ time of day. it was
_°_cou,s,r,a._s. rb_ACQU,S,rION,3, hmnd that the disturlxmee caused by the medium was

SEPI_,_Brr.R 18, 19;'_, I_07GMT SEPTEMBERtS,t_2, ,Z:2aaMT substantialh" less than at other time_ during that dav

IFig. XXIX--Ic and XXIX-4d). Further indications that this

_/_?,_ _ was a good ranging acquisition were obtained ',v oi, sen'-

ing the relatively low system noise temperat-tre and

,tbsence of receiver out-of-lock indications occurring j
J i J during the same period. ,

(c) &CQUISITION 6, Id) ACQUISITION 16, [_-
, SEPTEMBER7, 1972, 18:19 GMT S/PTEMB[R 7, 1972, 2058 GMT [

!,

: Fig. XXIX-6.-Typicalranginglikelihoodplots. The final test in the acceptance criteria is a comparison I
of the orhit residuals from two or more data points meet- I

' in.,.Z'all preceding requirements. Uncertainties in the :

.\s previously noted, the peak corresponds to the overall torm,al model ,hake the ahsolute fit less important than i

most prol_ahle point..rod is indicated by a "'+" above the consistencvl_etwecn points, i
each figure. Range computed by the ranging machine is
indicated lw a "'+'" helow each figure. If the channel is
assumecl to be disturbed only by additive White Gaussian Table XXIX-1 provides ;t summary indicating the num- i

her of acceptahle data points obtained during the critical inoise, then the relative height of these peaks is propor-
tional tscaled by received signal-to-noise ratio) to the log per:od near s,,perior conjunction. Note that. with the

exception of 2 days where there were equipment prob-
of the posteriori prohal_ility that each of these is the cor- lems. data were obtained throughout the period.r,'ct range. Near superior conjuneUon, the range measure-
ment is also disturbed by significant amounts of solar

plasma, which affects both signal strength and delay TableXXlX-l. quantityanddistributionof two.wayrange
I and makes it very ditficult to assign numerical confidence measurements duringsuperiorconjunction

values to the range measnrement. We know only that the
me,tsu,e,nent is no better than it would I)e if the channel

were in fact disturhed only 1)v additive \Vhite Caussian Pre-superior conjunction Post-superior eonjunetmn

noise. Passdate. 1972 Rangedata Pa_ date, 1972 Range data

8/17 22 9/7 Several

Figures XNIX-6a and XXIX-6b show typical composite 8/18 15 9/8 Several
likelihood functions for data obtained 1½ weeks after 8/20 14 9/9 Several

superior conjtmction. Note the single peak and agreement 8/21 14 9/10 Several
in phase of the two "+'" marks, indicating that there was 8/2:3 20 9/11 18

only one clear choice and that the ranging equipment 8/24 12 9/12 15
agreed with thi.q selection. Contrast the preceding with a 8/25 19 9/18 9
sintilar acquisition on the day of superior cortjunction
(Fig. XXIX-6c) whore thore are several equally probable 8/26 to 9/14 16
phases of the range ('ode. Note also that the ranging 8/27 ll 9/16 22

machine and likelihood plots predict different ranges, as 8/28 11 9/17 21.

indicated hv the separation in the "+" marks. The restdt 8/:3o 16 9/18 58
is strong indication that significant plasma interference 8/:31 Several 9/20 45
existed during this measurement, and resulted in a lack

9/2 15 9/21 22of confidence in the measurement's correctness.
9/;3 -- 9/22 80

9/4 Several 9/28 :30

Finally, a second range acquisition, also made on the 9/5 - 9/24 2:?,

day ot superior conjunction (Fig. XXIX-6d), shows a text 9/6 Several 9/25 24
book example of a good measurement, The single: peak

1
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i XXX. Determinationof NormalPointsfor the Relativity
' Testof the CelestialMechanicsExperiment

J. F. Jordan, R. K. Hylkema, and S. J. Reinbold
Jet Propulsion kaboratory/Cahfornia Institute of Technology, Pasadena, Cahforma 91103

A. Definitionof NormalPoints approach. The compression scheme consists of: (l) usin_
the Doppler data to solve for the spacecraft orbit and to

The relativity test is based on Mariner 9 tracking relate the spacecraft position to the center of mass of
data ae(luircd by the Deep Space Network. These Mars, and (2)combining this result with the station-

data consist of two types of measurements: (1) two-way spacecraft range measuremeuts to obtain measurements
frequency ditiert'nce (Doppler) measurements that are of the Earth-Mars distance. These Earth-Mars pseudo
proportional to the tracking station-spacecraft range rate, range measur,,ments, called normal points, contain all of
and (2) signal round-trip time-delay measurements that the information in the individual time-delay measure-
are proportienal to the station-spacecraft range. Ideally, ments and the local Doppler data that is pertinent to a
the total combined dat:_, set of range and range rate detailed knowledge of the Earth-Mars motion. The
measurements could be processed simultaneously via Earth-.Mars angular in/formation content of the Dopph'r
regression analysis to estimate the parameters affecting is weak because of uncertainties in the locations of the

both the radio signal and the motion of the spacecraft, tracking stations on Earth, and tlms has been neglected
Mars, and Earth. However, analysis of the Mariner 9 here.
tracking data has led to the conclusion that ,Mars is gravi-
tationally rough, with second-order tesseral harmonics

four to five times larger than expected before flight (Ref. B, Data
XXX-1). Specification of a gravity model with a finite
number of parameters accurate enough to integrate the During Mariner's year in orbit, more than 300,000 two- ,_
probe motion over hundreds of revolutions has not yet way Doppler measurements, taken at l-rain count times,
been accomplished, although the effort to produce an have been recorded. In the frst 280 revolutions, two-way
adequate model by direct estimation is conthming. The Doppler tracking data were obtained in an almost con-
computer expense of such regression analy_es is also a tinuous fashion by DSS 12 and DSS 14 at Goldstone, "_,

factor. California; DSS 41 at Woomcra, Australia; and DSS 62 at Jlinliting
Madrid, Spain. As the Earth-Mars distance gradually _,

A data compression scheme has been employed to increased since orbital insertion, the signal-to-noise ratio _
alleviate the accuracy and cost dillqeultic_ of the direct of the spacecraft communications link decreased. In ..
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late Slareh. i,_crcased data noise rendered tlw o6-,n S,,m-Earth-Mars antfle was 1.04 ° and tile signal path
_,%5-ft_.retch,ms in,.'flectual. Consequently. since levolu- passt.d within 4 solar radii of the Sun. H

Ition 2b(). onh the 64-m _21O-ft) a,_tcnna at Coklstom, wa,

used for t,'aekiwz the H_.aceeraft. Figure XXX-1 illus- Two-way thne-dclav measurements, which are pro-

trah,_ the cvolution of tilt" accuracy of tile Doppler data portional to station-spact,craft range, were ohtained usin_ 1!]_"

] hv showin_ the. lt.X.lS of the Doppler residuals plotted tilt..Mu ran_inc machine at Goldstone throughout the

i a_ainst time through Octohcr l.t17°. Individual RMS Mariner .9 mission. Ran._t, measurements were accluired li

; values hart, been obtained from short orbit fits to the several times per week from Novt.ml)er 1971 until August 1]
1 data. Also included on the fimlre is the magnitude of the 197°. at xxhich time the frequency of independent range _:
':' Earth-5.lar., distance..';howing its increase from about measurements was increased to several measurements _'1,
'_ 1.° >: 10" km at insertion to about 5 >,',10" km after 600 per Coldstone pass, .More than 13(/0 individual ran,_e

i revolutions. Note that, as the Earth-Mars distance ap- measurelnents were acquired durin_ the satellite phase

I lJ:oaeht'd 3 × 10" kin, the noise observed at tile 26-m of Mariner 9. most of which were obtai,ed in tile 8 weeks
antemla increased markedly, while that for the 64-m bracketing superior conjunction. These ran_ing mea-

J antemm increased onh" slightly, surements, which art' normally precise to a few meters,
• were perturbed by charged particles in the transmission

J media. Charged particles retard the signal and thus con-
! The quality of the Doppler data during the month tribute to a larger time delay than that which is predicted

around superior conjunction was degraded sharply be- from the true coordinate range. As the signal path for

caust, of the e{[t,ets of the rapidly varying quantities of Mariner 9 neared tl "`_Sun, the amplitude of the stead.v- i
charged particles along the signal path caused by the state charged-particle content and the amplitude of the ',
solar corona. The R.MS of tile Doppler noise did reach a stochastic variations along the signal path increased. !
maximum of 1 tlz on the day of conjunction, when the However, the effect of the steady-state content can be

4.5 10,0

5.0

4.0 _o 26-m ANTENNA STATIONS
3.5
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Fig.XXX-1,Timehistoryof RMSDopplernoiseandEarth-Marsdistance.
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modeled II{ef. XXX-21 and so caused few proble,ns. At srAT,ou

, c,os,.st im,xi,,,ity t,, th,' St,,, on Septe),,b,'r 7. 1972. the !i_av(',a_t' ,.h'('trml c.-nh.nt of the signal path through the "- "0 SPACECt_AFT ,

of abcmt 20 t,wc (m,t of a total round-trip light time of
al)out 45 rain). As 1 t_st'e of tim(, delay corresponds to !J

: al/o,,t 15,, ,,, o,,e-,,a," range to the spacecraft, the max- x' I!

il|lunl coron;.t vlfect was about 3000 m in range. _ 5..... / I}jl

t On the other hand. the stochastic variations in the / El

corona iuduc.ed a rang, uncertainty that is difficult, if not; impossible, to model. On a scale of 1 day. the effect can Fig, XXX-2.Differencedrangeversus integrated Doppler time
he several microseconds. \Vith an effect o.¢ this magni- histories,(a)August 20. Orderfit 8. (b)August23. Orderfit 3.
tude. we were .blim'd to e,aluate the impact on the (c) August 25. Orderfit 3.
normal point calibrations, which we did with the help of

the dilfl'renecd range vs integrated l)oppler (DRVID) shown, the variation in observed range caused by charged
measurements, particles in a single pass was as high as 300 m, with a

maximu,n slope of 75 m/hr.
The I)RVID technique, discussed previously by

MaeDoran and Martin (Ref. XXX-8), was used to cali-

hrate ehar_ed-particle activity in the signal path for small C. Computation of Normal Points
Sun-Eartl,-l_robe angles and to provide corrections for
the computation of normal points. Raw DR_FID data pro- A normal point, or Earth-Mars range naeasurement, is
vide a time history of the observed range differencr, from computed on the basis of station-spacecraft tin]e-delay

nwasuremeuts. The station-spacecraft coordinate range

the initial range observation in a continuous pass inillll.S (see Fig_&XXX-3)is related to the Earth-Mars coordinate
the integrated r'an,ae rate from the Doppler data. The vector R by the exact expression
data measure twice the round-trip range ehan_e dtn'in_z a

pass because of the charged particles, but do not indicate .--" _
the total gl'ottp delay, p = ,R + R,_:,.- R_ 1 (1)

where the vector R-':_, is the planet-centered coordinate

I)RVIi) data were ohtained by two modes of opera- vector of the spacecraft, which is determined from Dop-
tion. Because of its mechanization, Mu ranging machine pier tracking. The quantity _R_. is tile accurately known
outputs 1)RVll) data automatically during any single Earth-centered coordinate vector of the station. Equation

range acquisition. However, the data also can be con- (1) can be written in tile following approximate form,
strutted externally from counted Doppler and individual accurate to 0.1 m for the Mariner 9 geometry,

range acquisitions. I)RVI1) data spanning entire passes

,,'el',' generated, using primarily the second mode, for p=R+z,-h:+LV(rsin_-hu)'-'+(reosf_-h,): 7
the periods August 10 to 25 and September 16 to October Zl/k J

12. Data nearer conjunction could not be obtained be- (2)

cause of poor l)oppler quality. Data farther from conjunc-
tion are now being proeessed. Tile data were least-squares where z', r, and _ are eylindrical coordinates defining

fit with a polynomial of the lo,-e_t order which reason- the position of the spacecraft relative to Mars at the time
ably represents its strueture. The eaeffleients of this of range observation, and where h,, hu, and h. are compo-

nents of the station in the Earth-centered Cartesian co-polynomial were used to adjust the Doppler and range
data in the spacecraft orbit fitting software, ordinate system defined in Fig. XXX-3, and are given by

the expressions

Figures XXX-2a, XXX-2b, and XXX-2c show the h, = r,,sin _,t
DRVII) data for passes beginning August 20, 23, and 25,
respectively. Curves that show the least-squares fit poly- hv = h cos 8 - r. sin 8 cos _t
nomial are superimposed on the actual data. On the days h.. = h cos _ + r_sin _ cos _t
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v,'hel'L.

[

(°_ I h = di,stancc h'om station to Earth equator along Earth

0.8 _):Jl spin axis

i o.6 _ - geocentric declination of Mars
; g o, _---angular :ate of Earth
i _ 0.a •

, . ." " J t = time frolu station meridian passa,_e of .Mars
r, = station distance from the spin axis

' a

i 0 1)e sohcd directly for tht, Earth-\lars
Equation C_lll

distance R from a ineaslJ.red \';tllll(, of the station-spaceer,tft
t -0.2 _ coordinate time delay, using che expression
; *Y rJ -0.4 , , rr.,-.-,.,. p]_6 17 18 _9 _0 21 2'2 2a _4 1 2 c.xt= p-' (1-7)mlu

AUG20 _OURS,O,_r AUG21 Lr" r_ p J _3)
IH 7= iL ./C-'

2.01 J ,

I (h_ " where r.,, ;.llld I'1 tire coordinate distances rt'prcscntin_,

[ "
1.5 _.'. respectively, tile Sun--observer distance and the Sun-

• ; spacecraft distance, to convert to range p.
:.0]- In practice an initial value of /t is chosen from the

_" _ c'urrcntlv used planetary ephemeris, and tile difference

°.st _. between the measured and predicted values of p is dwn
"_,_ | "_-'_" related to a differential correction in R. The correction

0J- .... '_ is then added to the initial value, yielding a psuedo-

" measured value of R at tile time of the spacecraft rang-_".,- _. ... inK._ Equation (3) is a_ain_ used to convert R into a

-0.s_ "_ relativistically consistent pseudo-observable in tev'as of
[ coordinate time. c-xt. It should be notccl that -/is set to

-1.nt ...... unity in this computation, but that the char_cd-particlc
14 16 18 20 22 24 "

_uo_s _uo s_ delay is included in the measured value of c±t.
HOURS, GMT

(a . . D. NormalPointAccuracy
! '. "_:" :' The en'or in the determined value of R can be related

c.8 -_" : ._ :. " • . to the error in the ranKe measurement _xp, tile error in

o ,3._ : . ..- :. ..,. . . tile station locations %\lb, _xh,, ,xh:), and tile c,rror in tile
" "." ..: "_ .. " • Doppler-determined spacecraft position relative to .Mars

: " :." ".k. . (,xz', ,xr, r,xf_) by the following approximate expression.
which is accurate to 0.1 m,

'_I 0.2

_q = Ap -f- -kh: -- _z'
o ;

, -_--_o[(r-h_costl-h_sinf_),xr-0,2 •

• + (h, sin fl - lh,cos tl) r,,flJ (4)
--0.4 L--_-J...___ .J

AUG 25 AUG 26

.OURS,OMr As tim distance ot? the station from Earth's spin axis
Fig.XXX-3.Earth-station-spacecraft-Marsconfiguration, and the station longitude are known to less than 10 m
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i1

t,'o,n analysis .t data acquired durlw4 plam,tary enc.un- contrilmthms tl'.m ._xz'the onh spacc'el'att p.sitiou clrc,r _.
ters on past 31arim'r missions, the error in the distance of .t importance. Equation _,5)Cml then he cxprcs._cd in the
the',_tation trom tl." F.u'th's equator is the unl_ tclm that torm
c'o,ltrilmtes more than 1() m to .xh:. [h,nee. ±h can be

expre',scd as Ah sin 6. plus tcrms that contribute h'ss than AI{ -= Ap -:- Ah sin _ -- A:' -- (< 10m t(','.lS) t6t
" I{bm errors.

where neither the contrilmtion ITom nlc'e;urcn.'nt crl'm"

T[.' i'em,tilmv_ ¢,rrors ill Equation _4_ are d!le It) the Apor H)aeucratt n,_sition error .\:' arc hl_!.lv correlated in
mw_,rt,lintv ill the l)opph,r-dctermined spacecraft posi- time, The station location error _h is a cOllst.ult.
tion relative to _Mars.Tlw coelticients of the errors of the

.Sl)aCet.raltl;asition m the Earth's plane of sky.._xr and E. Normal Point Residuals
, rA_..Lare on tl.. order of I0 ': thus, Equation (4) can b:"

written in the form Tht. lo..al orbit oi 31arincr,9 a.d hence xulues of r. _..L
and ' have been c.s_imated trom the l)ol)ph'r data hn

._XR- xp -.._klt .Snl8 -- Az' -- If0 _LXr-- (l()-_)r_X_1 t'aeh rt,volution in which range ln('asurt'mcnts hdv(" been
aC(luircd. Thcsc orbit vstunate,_ have bcen used to pr,'dict

(<10mter.ls) (5) xalucs ot p. (.)bscrvcd reqduals ill the ol_erx-od p have ,.
been related to values of R, and hence cat. at the times

The accuracies to which -', r. and _2can lie estimated ot tht, range ineasureulents.
for M,riner 9 have been discus,.ed by Reynolds et al.

(Ref. XXX-4): Zielenl)aeh and Jordan (Bef. XXX-5): and l/esiduals ot tilt' noInml points over the ahnost 1 vr ot
Jordan et ill. (t/ef. XXX-6). The t'ffect of unecrtainties in 3hu'incr 9 are _given il_ Fig. XXX-4, where the clcn.ents
z', r, and p. on the accuracy of the computed nornud points ot the orbits of both Earth and Mars have been fit with

was gixeu by Jordan et ill. in Ref. XXX-7. A summary of the normal points ol_taint'd lwtore July 31. Tilt, dashed
this information is given in Tallh, XXX-1, which lists tilt" line indicates the apparent drift in the extrapolated eplwm-
i-signla uncertaintie_ of the compo.,lents of position, r, cris. The Saml)h.d R.MS of the normal points is 0.1 :,set
r_L and ='. ahmg with their respective contribution to tilt, in the three-station confie.uration rc_ion and 0.3/ts('c ill

t'l'ror in 1t. tilt' one-station region before July 31. The eifect of tilt'
charged particle', c,mscd by thc solar corona is ol_served

, l'l'e-tli'zht values, actual lm,-gravity sensin_ results fi'om in 8 weeks .surroundin_ sul,erior conjunction. The ap-
revohltions 1 through 4, and post-gravit)" sensin_ result._ parent two-way time &.lay increases to a value near 20

., fi'om the three-station and singh,-station tracking con- ;_st'c'. In addition, daily variations of sCVel'al microseconds
figuratimls art' shown in the table, along with the maxi- can be observed: these variations appear to be ahnost _s
mum uncertainties causcd by the stochastic solar corona hu'tr,e as the steady-state delay itself. Tilt, insert in Fig.
near superior conjunction. Contrilmtions fi'om rZ_ and XXX-4 shows, on a larger scah', tile nor,hal point resid-
..M' al't' nt'gligil_lt' tlnou,u,hout tht, lnission, leaving tilt' uals hi,fore and aft'_,r I)RVID corrections for tilt, time

TableXXX-1.One-sigmauncertaintiesintheDoppler-determinedMariner9 positionwhenrangingistaken

Actualpre-_r.tvity l'.st-_ravity ,',ensintt, I'ost-gr,tv_tysensintt, Post-enlvity sensirlt_Pre-tlight sensing, revolutmns4 to 28(I rt,_olutmns28(Ito 6511
( COlllllllCtion re_i.n )revolutions 1 to 4 ( thrt,e stall/ins) (IW_vstali.n )

ra_d 30km 1211km 5 km 10 km <3(I km

Ar I(10m ,|0{_m 20 m 60 m <150 m
A'Z 50 nl 200 Ill 20 nl riom < 15(Im

Error contrilmtians to tilt, F,arth-Mars measurement

rat! 3 m 12m 0.5 m I m <.3 m
ar lull ill 0.04 III il.()(I O- ill (1.006 Ill <O.(il,'_ Ill

A'z 50nl 211(Im 2.0In GOm < I_tl m .
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Iwri.d tr.n_ .'_ugu,_ 23 t,_ -_,ugu,,t _.6. Drifts ot ahno_t 2 determine tilt. _pacecra._t _rbit i,_ |wing inxe,,ti_,ated. :\
t,-,'c i}1tlw r<_.itlu,:ls are (Ibscrx'ed on .-_a_ust :24 and :26 nm'mal p_md can }_et'mnputetl trmn an e_timatt'd r;m_e
if I)R\'ID c, wrcctiou_ ar_",mr appticd, lint the total rt,sit'l- _._i;.ls_,tJuc. if the H_act'craft orbit is dett,nnincd from l

ual ,p_.,at I ol?a ,i,_h. t;,l,_ is limited to o.5 t_.st'cby tile i,tl_l_t-d,tta ¢)i,!v. T_.:-,,,,x :;:t'0v Of c_u,ap_talinn.... Ilas no_sible, t1
applit_dL,n _| DRVII)corrt'ctiou_. _q)plications tor normal point generation in the region

x_,thin ,1 few (t,t_, t_t _up,'l i,r conjmlction, as tilt, l)oppler J3
I)l',\ II.) _-,rr,.cli_n, art" current\" bei:_K _encrated for data an, severely ct_rrupted in that rt'_ion In _ummarx'.

;l[_ lm,_t's -t d,:ta in which tilt, variatitu_s i,t ch,lru,cd- it is lmpcd that continued rt'(inement of tll("normal point
particle c_',te, d are large ¢.nl)llgll to si_uificantly influ- _encratlon methods will yield a complete data set, the
t'nt't" _l..t' ;it(..llr.l.(.-v=.)tthe l)oppler-dett'.'-n'6ued spacecraft point_ of wluch are accuratc to a 1-sigma value less than I
_rhlt. I,i addition, tht, yro_pect of using range data to 0.5 t,sec.
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XXXi. Determination of the RelativisticTime Delay
From the Mariner 9 Superior Conjunction Data:

A Status Report
P. B. Esposito and S. J. Reinbold

Jet Propulsion Laboratory/California Instutute of Technology, Pasadena, Cahforma 91103

I

The purpose at tilt" anah'scs l)crtormed is to investi- well as at'tire _i.c., a _pacecraft is used in the reception
gate the Mariner 9 superior conjunction range and Dop- and rctransmission of a radio signal) rime-delay experi-
ph.r data in order to determine the values for the ,uentsconductedatMIT and JPl, have I)een published by
relativity and solar corona time-delay parameters. This Shapiro et al. {see Refs. X,xLXI-6 and XXXI-7) and

approach differs from. but is complementary to. the long Anderson et ai. (see Refs. XXXI-8 and XXXI-9), respec-
arc "nor,hal point" approada deserihed by Anderson and tively. An overall review of the progress and planning of
Lau (see Section XXXII of this Report). The two methods time-delay experiments and other relativity experiments
of analysis differ insofar as: (1) This analysis im,estigates was made by Thorne and Will (Ref. X_XI-10), Schiff
a much shorter are of data; at present, data within the (ReL XXXI-II), and D.vies (Ref. XXXI-12).
interval from August 17 to September 26, 1972, are being

analyzed. (2) This procedure deals directly with the The parameterized, two-way, relativistic time-delay ex-
Mariner 9 Doppler and range data: therefore, it avoids the pression in isotropic coordinates is
intermediate step involved in constructing "pseudo-data."
It is eomplement."._' to the reduction of the normal-point

2m ( ro + r, + p )data bet.ausc it rehes upon the generation of an Earth- At = -- (1 + _,)In -- (i)
Mars ephemeris, which is determined from tl.2 analysis of c r,,+ r, p
"normal points" as well as past optical and radar data.

where t,, r.., and r,, respectively, represent the tracking
The effect of the solar gravitational field on the propa- station-spacccraft, Sun-tracking station, and Sun-space-

gation of radio signals has been investigated theoretically craft coordinate distances. Equation (I) was derived by
by Shapiro (see Ref. XXXI-1) and Muhleman and Reichley Holdridge (Ref. XXXI-13) and Tausner (Ref. XXXI-14);
(Ref. XXXI-2); a series of related papers (Refs. XXXI-3 the historical development of the parameterization of the

-._ through XXXI-5) discussed the measurement and interpre- space-time metric can be found in the works of Eddington
ration of the general relativity time delay. The results of (Ref. XXXI-15) and Robertson (Ref. XXXI-16). In Equa-
passive (i.e.. a planet is used to reflect radar pulses) as tion (1), m represents the "gravitational radius" of the
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Still t i.e-, product of the universal gravitational constant There is it time delay caused by the charged particles in "
and the mass of the Sun divided hy the speed of light the signal path. which are most concentrated in the solar

squared), which has an approximate magnitude of 1.5 kma; corona. The steady-state, solar corona electron density is

c is the spt,cd ot light m a vacuum; and 7 is a dimension- modeled as

less relativity parameter that has a nominal (Einstein)

value of unity. By determining the numerical value of N_ (era -3) A B. = _ + -- (z)
7. along with other parameters pertinent to the analyses, r_' r'-'t
directly from the data. one obtains a measure of the

relativistic time delay, with nominal x,dues and standard deviations for the con- t
stants A. B. and _ given as (1.30 =0,9) X 10", tl.15 +--0.7) ],

: X 10':. and 0.3 ±0.3, respectively. These values were
¢

I

i A. Characteristics of the Mariner 9 developed froln an analysis of classical, solar eclipse, i

Superior Conjunction photometric observations and are discussed in detail by I
• Muhleman et al. in Ref. XXXI-17. The quantity r is the i

i Some of the characteristics of the Mariner 9 superior distance from the center of the Sun to the ray path in. (

conlunctiou compared with those of Mariner 6 are pre- units of the solar radius. Based upon this nominal model,
sented in Tabl, _ XXXI-1. Although geometric parameters

- the time delay attributed to the refraction of the S-band ,
i arc hasically similar, the essential difference is that radio signal, within 1 month of superior conjunction, is
_ Mariner 6' was in an elliptical orbit about the Sun, and shown in Fig. XXXI-2. In this plot. the contribution of the

' Mariner 9 is an artificial satellite of Mars. interplanetary (represented by the B term) as well as the

outer solar corona electrons (represented by the A term)

The nominal (7 = 1) relativistic time delay for a 2- to the total time delay are shown separately and corn-

month interval centered on superior conjunction is pre- bined. One month outside superior conjunction, the time

sented in Fig. XXXI-1, which is plotted as a function of delay is 1 ,.sec, compared with a maximum total effect of

calendar date with the corresponding Sun-Earth-.Mars 26 t,sec at conjunction. Note that the A term in the model
• angles. At I month outside superior conjunction, the delay contributed a delay of 0.1 j_sec or greater only when the

• to compared with a maximum! is approxlma,_ly 106 i,sec spacecraft was within 1 week of superior conjunction or
delay of 195 j,see. During this interval, the spacecraft is within 2.5* of the Sun.
within I0" of the Sun and reaches a minimum of 1.04" at

conjunction. The shaded boxes at the top of the figure Figure X,_CXI-3 is a plot of the normalized relativist!c

represent quality measurements of the round-trip time and solar corona time delays and was generated by
of flight of an S-band radio signal between the tracking

station and spacecraft (i.e.. two-way range) obtained on

that particular day. thus serving as a guide to the distrl-

hution of the range data. _ ",11 u t._ ,._ _ ,_, u u ,.w._.o__'_ _

C-'.NEP_t_tLA,tV,rV_L_Ot,_V/\

Table XXXI-1. Mariner 6 and 9 superiorconjunction _ ,_
characteristics

Characteristic Mariner 6 Mori,er 9 _ 1,_

Superior conjunction April 29, 1970, 17h September 7, 1972
Earth-spacecraft 402.25 X I0a 400 X 10_ =t12o
distance, km

Round-trip travel 44.72 44.4
|(_Tlil_J,A_ll,t, ,_,l,,,,,_li,,,,,l , ,,,,,I, ,_ ,,,l J,,,, _l x_ t_,Ll

time, inin i0 17 24 31 7 14 21 28 $
AUGUST SEPI'EMII_ ocros_

Sun-Earth-space- 0.95 1.04 CALEN{_ARDA_E,;9_2
craft angle, deg , I , , _ 1 , s9._ 7.0 _._ _.s _,o4 _.6 _.s z., 9.s

Closest approach of 9..58 2.9 sun - t_m ..MARŜNGtE,d,s
signal to solar sudaee
(R_) Fig. XXXI-1. Magnitude of relativistic time delay as a run,Ion

of calendar date andSun-Earth-Mars angle.
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I

Fig.XXXl-2. Nominalsolarcoronatime delayseparatedinto its Fig.XXXI.3. Thenominalrelativityandcoronatime delayshave

i twobasiccomponentsandthencombined, beennormalizedand plottedtogetherin orderto contrasttheirdifferentstructures.

i dividing tile time delay on a particular day by the
_. maximum delay (;it superior conjunctionl. The struchlre A description of the analysis leading to the determination

of these two curves shows that. at half amplitude, the of these coefficients as well as some preliminary results
width of the relativity delay is greater than 2 months, are given by Lorell et al. (Ref. XXXI-18), Born et al. (Ref.
compared with approximately 7 days for the solar XXXI-19). and Ferrari and Christensen (see Section
corona delay. Thus. the relativity delay gradually climbs XXVIII of this Repor0.
to a maximum, whereas the solar corona delay rises

sharply within 1 week of conjunction. Based upon this During this interval, the spacecraft did not pass through
I dissimilar structure, we hope to uncouple the relativistic Mars' shadow nor did it undergo an occultation as viewed

and solar corona time delays in the orbit determination from Earth. The solar radiation pressure was computed
and refinement, by a three-dimensional model with components along the

pitch, yaw, and roll axes of the spacecraft. Each com-
ponent of the force can be estimated and its uncertainty

B. Orbit Determination and Data Analysis considered in an error analysis. During this time period,
only DSS 14 was collecting data. The coordinates defining

1. Modeling the Mariner 9 Orbit the statfon's location are known to within 5 m in longitude

With August 17, 1972, as the initial epoch, Mariner 9 and distance from Earth's spin axis and 15 m in distance
superior conjunction data covering 6 weeks were analyzed, perpendicular to Earth's equatorial plane (Ref. XXXI-20).
Because the spacecraft's motion is gravitationally domi- At present, these uncertainties are being used to estimate
hated by Mars, the current best estimates of the direction the influence of station location errors on the estimated
of the spin axis of Mars and its gravitational harmonics parameters.
were used in the numerical integration of the spacecraft's
equations of motion. The Martian gravity field used in The ephemerides used to specify the motion of the
this work consisted of a tenth-degree and tenth-order Moon and planets, especially the Earth-Moon system and
model in the potential function expansion, which is given Mars, is referred to as DE 82. This development ephemeris '
by is the result of the analysis of past optical and radar data

that have been supplemented by 98 Mariner 9 normal

i £(R), I £ points covering the interval from November 20, 1971, to ._'_

V = _- 1- ],,P, (sin_k)+ (C,,,cos nl_. July 30, 1972 (see Section XXXIV of this Report). In ,!
r ,:2 ,,:t addition to providing an estimate of the initial state of ;'

each planet at some epoch, the planetary data analysis

II also yields a fuU covariance matrix for the Set III orbital 1i

+ S,,,,,sin m_.)P,,, (sin _) (3) elements (see Ref. XXXI-21) of each planet. This a priori
information is important in the analysis of the Mariner 9
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data because, it cmklition,, the solution tor paramt'ters that made witr aft, w days of superior conjunchon have

are pertint,nt to the analysis. Furthcrmcwe. the infhwnce undergone stringent quail%" control tests (see Section

of parameters that are peripheral to the analysis, usu,dlv XXIX of this Report). Although only the highest qualiW I:
designated as "'consider pat,t,.t.tcrs.'" t.an |w aevount-,d for data have been uscd in the analyses, a small quantity of

in the estimate of th,., standard deviations ot parameters additional data (especially on Septe,nher 4, 6. and 7) is

directly related to thi,. experiment. T]ms. with reasonal_le available and will be used in future analyses. During most

macertaintics in the '_et 111 elements estahlished, we can of these pa_se_, a lull pass of Doppler consisting of about
constrain solutions for particular subsets of clt.ments to 11 hours from I)SS 14 rise to set also is available. How-

, vary within these lmunds. In this way. the direct analysis ever. durin_z the interval from AuKust 28 to September 10,
of the spacecraft data is guided by the results of the 1972, the Doppler data art' noisy, and the trackin,z cov-

t.valuation of a large quantity of past optical and planetary cla_t, is not continuous, but rather intermittent: in _¢'n-

radar data. end. these data have not been used in the analysis. This
!
l situation exists primarily I_t'cause of the interference in-
; Smaller influences on the orbiter's motion such as non- duced by the dynamic solar corona on tht, S-hand fre-

gravitational fnrc,,s (i.e.. attitude-control-induced per- quency _ 2.:2 GHz) Doppler and. to a h'sser de_r_e, on

turbations, reflected radiation pressure, etc.) and the the range trackin_ systems. Approximately 500 range#
gravitational influence of the Martian moons are under measurements and 5000 individual Doppler data points.

, investigation, varyin_ in ax'era_ing timcs from 60 to 300 see. have been

analyzed.

2. Data Analysis

The quantity and distribution of range data used in the The round-trip range measurements possess a'_ inl" _rent
precision of at least 0.1 ;,see for data collected out .de of

anahscs are given in Table XXXI-2. Data measurements superior conjunction. However, in order to approximate

the influence of the dynamic behavior of the solar corona

Table XXXl-2, Quantity and distribution of two-way in degrading the precision of the range data during the
range data used in analysis conjunction, these data have been weighted according

to the relation

Pre-eoniunetion Post-conjunction

,r-' = ,: (inherent data precision)
Independent Independent

Tracking pass range Tracking pass range
date, 1972 measurement, date, 1972 measurements + ,r-' (dynamic corona influence) (4)

8/17 22 9/7 - such that _ (dynamic corona) = Kp-"" with the data weight

8/18 15 9/8 8 given by W = _, :. In the latter expression, K is a constant

8/20 14 9/9 4 whose magnitude is dependent upon assumptions concern-

8/21 14 9/10 8 tog the solar corona electron-density fluctuations and p

8/23 20 9/11 13 represents the impact parameter of the ray path? Assum-
ing a value ot K = 33 p.see, Fig. XXXI-4 shows the

8/24 12 9/12 15 variation of the impact parameter for the Mariner 9

8/25 19 9/13 9 (Mars) trajectory and the associated standmc_ deviation

8/26 to 9/14 18 deduced from Equation (4) for the two-way range

8/27 1l 9/16 22 measurements.

8/28 11 9/17 21

8/80 16 9/18 58 Currently, the analysis has been performed using a
differential correction, weighted, least-squares algorithm.

8/81 5 9/20 4,5 A simplified form of the parameter estimation equation is
9/2 9 9/21 21

9/3 - 9/22 28 Ax-'= ( ArWA + "_-i _1A""VAz (5) '_
9/4 - 9/2,3 29

/

9/5 -- 9/24 22 q_,iuhleman, D. O. ( private communication ). The weighting scheme
9/8 - 9/25 24 was developed hy Dr. Muldeman for the Mariner 6 and 7 relativity :

test. , ,
l

" i
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zO_-_ weIGHtInG'.'O_ELFOr. --t_.,PActPal_-.,_ter /T'-5 _ ut r,m_c, residuals deducrd trom such ,m mmh.si_ i_ q_own
I X 5UlaERtORCON'JUNCTIC}I'J----rOUn:-r_lP_.,,,nae/ :d ill I"i_. XXXI-5. "l'he,e re._iduals ,t,'r cv,,entially co]dined

L _oa.ra. /"X stAnoamDtvlatx::,_/_ + O within • {_,,sec with a tew data points exhibiting larger
"_ / x / _- r,.,idu.&_ :\lthou_h these residual,; scum large, th,.'x are_1 X ,_ / >

• _" I X I t / x _ rt'a_tm'tl}Ic ,it this +t,tgr ot tilt" anahsis. FisLures X.X..\I-t:i

:_tc xN / i / { first h,t,, trackin,, passes. The tir_t plot reveals at svstc-

tile

\' ',/ 1/ = z._ ,natic pattern with th{' peak being reached as thc space-
:_ _0" x / \ / / g, {rat|! _{}{'sthrough 1}criapsis. These svstematk" trends in+ .\ /, q- +i _ the rv_idu.ds ,ire {hlto t(} inacrur,teics in some of the

f -""" _ """"- J _ }mr,,,{mic cocfticM,ts whi{'h {Ic,crihe tile Mars gravity
- 0,,+.'-7_,7"7........................ T,7-."-77, , 0 g field, In the second plot in this figure, for which range
! m 17 2+ sl 7 14 2, 28 s data at l}eriapsis do not exist, we have a sig_. ficantly

AUGUST SEPTEMBER OCTu_

cate,,_aroat_,l_'_ reduc{'d r{'_idual trend and a more optimistic set of
statistics. The statistics given m these two figures repre-

Fig.XXXI-4. Basicweightingmodel utilized in the analysisof sent the mean residual, tilt' mean s(itmred residual, the
• the Mariner9 rangedata. R.MS residual, and the square root of the variance. This
-= type of residual l}attern is repeated throughout tile 6

with the cstimatt.d parameter covariance matrix given by weeks of data under analysis.

C )+'x. = am'a + ._;' {6_ C. Statusof Analysis

! At this stage ot the analysi';, which is still t}reliminary.
The residuals ¢observed mitres computed_ for the range it is difticult to quote values for -/ or the solar corona

'i and l)ol}pler data arc represented hv _z. and xx repre- l}arilmet{'rs A, B, and e. llowever, tile solutions do exhibit
scnls corrections to the estimated parameters. W is the a trend and cluster about tile Einstein value for y.

weighting matrix, usually assumed to he diagonal, and Rigorous error analyses are still in progress, and any at-
._, is the a priori parameter eovariance matrix. The A tempt to quote realistic standard deviations for ,1,or other
matrix contains tilt, partial derivatives of data with parameters wouldbe inappropriate.
respePt to estimated parameters; thus, it relates variations

ill tile data vector to variations in tile estinmted parana- The major areas under investigation which have a

eter vector. The basic l}arameters used in this anah'sis, l}ntential for degrading the determinatmn of the relahvity
either to be estimated {lireetly or to he c{msidered in an time-delay parameter arc as follows. First, the a priori
error analysis, include: LI) six elements of the initial state gravitational coefficients that define the gravity field of
of the spacecraft, {2} tweh'e Set Ill orbital elements Mars have y'ielded an accurate spacecraft ephemeris.
defining the m'hital motion of the Earth-Moon barycenter However, tile systematic pattern in the range (Figs.
v,nd Mars: _3} three parameters, each relating to a solar XXXI-6 and XXXI-7) and Doppler residuals are a direct
radiation pressure and attitude-eontrol perturbation indication that this model requires additional refinement.
model: (4) three parameters for the Earth-based tracking Work to achieve such a "fine tuning" is in progress.
station: (5} relativity time-delay parameter and a three- Se¢.,md. the Mariner 9 data are particularly sensitive to
parameter, steady-state, solar corona electron-density the semi-major axis and eccentricity of Mars and the
model: and (6_ a wtriety of parameters used to probe the Earth-Moon barycenter. However, the data show little or

effect of possil}le bi_,ses in the data, errors in Mars' gravi- no sensitivity, beyond the current knowledge, to the orien-
tationai crmstant and h:mnonics, and uncertainties in the tation of the planet's plane of motion. Additional analysis
astronomical unit and Earth-Moon mass ratio, in this area ix necessary before these conclusions can be +

, converted into quantitative statements. Third, the _ela- ,:

In a typical analysis, the solve-for parameter subset in- tivity and solar corona time delays are exhibiting a ten- +
eludes the initial state of the spacecraft's orbit, three ele- deney to correlate; however, the full impact of the corre- .i
mcnts each referring to the orbital motion of Mars and lotion requires additional analysis, Indications are that :+
the Earth-Moon barycenter, B, e, and ,/. Of the six tile corona time delay is lower than the nominal delay :;,2_

l}lanetary orbital elements, tile data are most sensitive to shown in Fig. XXXI-2. During the Mariner 9 superior .]

tile semi-major axis and eccentricity. A representative set conjunction, measurements were made of the fluctuation _

1
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t Fig. XXXI-5. Representative set of residuals deduced from the analysis of 6 weeks of
superi )r conjunction data.

'j _ o° °o._
oooOOO o-O _ o o o DO J OooooI °

• _ -10/ l J • J l
1 15 20 25 15 20 25

J TRACKING PASSON 8/17/72, hr TRACKING PASSON 8/18/72, hr
_/17/72 8/18/72

FIRST MOMENT,/_ sec 0.249 -0.268
2

SECOND MOMENT, /zsec 5.293 0.245

RMS,/z sec 2.301 0.495

STANDARDDEVIATION,/zsec 2.287 0.416

Fig. XXXI-6. Residuals and associated statistics for the first two tracking passes shown in
Fig. XXXl-5.

::k I 1 _"_¢1t'_00 _ o00000

O0 O
o

-10L I . I .... I
15 20 25 15 20 25

TRACKING PASSON 8/20/72, hr TRACKING PASSON 8/21/72, hr

8/20/72 I_/21/72

FIRSTMOMENT, /_sec -0.787 0.842

SECOND MOMENT, #sec2 2.857 0.918

RMS, /zsec 1.690 0.958

STANDARDDEVIATION,/zsee 1.496 0.,457

Fig. XXXl.7. Residuals and associated statistics for the third and fourth tracking passes
shown in FIg. 7J(Xl.5.

{

,_ 428 .PL TECHNICAL REPORT 32-1550, VOL. IV

II J..Ju_-:_ ' _ "_: -_ , ....... - , m_ , - .... " ......... ,- T,_-._ _

I _ _ "" " ............ ''_" i" ...... - ........... - ......

1973023947-436



!

of the electron density along tile spacecraft's line of sight; certainties ill basic constants, such as tile astronolnieal

these mt'asurcnl_,nts will be converted into calibrations to unit, have yet to be tully explored.
the Dopplt, r ond range data (see Section XXX of this
Repurl i. Although ll,t- work is still in progress, calibrations Intlicntions :_re tlmt this method of atvdy,q,: i,_yielding
for the effect of the dynamic corona on the tracking data fruitful results and that it has the potential for refining
will be available and utilized in the orbit refinement, the relativity time-delay parameter beyond its present
Finally, the full impact of nongravitational forces and un- knowledge.

i
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1 XXXII. Determination of the Relativistic Time

Delay for Mariner 9: A Status Report on
the JPL Analysis of Normal Points

J. D. Anderson and E. K. Lau
JetPropulsionLaboratory/CaliforniaInstitute of Technology,Pasadena,Califorma91103

A. Background radar measurements to Mercury and Venus is that the
ranging signal bounces off the front cap of the planet,

The objective of that part of the celestial mcchanics anti topographic variations make it difficult to deter-
experiment reported in this section is to perform a high- ,nine the distance bctween Earth and the center of

precision test of general relativity. Although the experi- mass of the planet, at least to the same precision which
ment does not concern the planet M.ars, by using the can be achieved with a planetary orbiter or lander.
tracking data from the Mariner 9 orbiter a measurement However, the main difficulty with ranging to inter-
of the relativistic time delay in the ranging signal to the planetary spacecraft such as Mariners 6 and 7 is that the

orbiter was performed at superior conjunction. This delay, orbits of these spacecraft are affected by nongravitational
which amounts to a maximum of about 195 ttsec at superior forces from solar radiation pressure and from the space-

conjunction, was discovered theoretically by Shapiro in craft's attitude control system. A high-precision measure-
1964 (Ref. XXXII-1), and calculations were carried out ment of the relativistic time delay to nn interplanetary
independently by Muhleman and Reichley (Ref. spacccraft is really only possible if that spacecraft can
XXXII-2). In Refs. XXXII-S, and XXXII-4, Shapiro be made purely gravitational or drag free to an accclera-

demonstrated the observational reality of the delay, tion level of 10" m/scc: or more. However, in all of !
Since its discovery, the effect has been measured to an these experiments, the measurement of the relativistic ,.
accuracy of ±5% with passive radar to Mercury and time delay is performed with a radio signal that passes
Venus at superior conjunction (Ref. XXXII-5), and to an through the interplanetary medium, Consequently, a i
accuracy of -+'4% with active ranging to the inter- delay is introduced into the ranging signal by free elec-
planetary spacecraft, Mariners 6 and 7, at their superior trons in the ray path. It is, therefore, necessary to sepa-

conjunctions in the spring of 1970. Each of these experi- rate the plasma delay from the relativistic delay hefore 'iments was affected by quite different, but very serious, a significant test of relativity can be achieved. Because
limitil:g error sources, whioh are not a significant factor the plasma effects are dispersive and vary as the inverse ._

wheu ranging to an orbiter anchored to a planet, such square of the frequency of the transmitted signal, the _.
as Mariner 9. The primary difficulty with the passive effects of the interplanetal 7 medium can be minimized
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I)v rankklt_ at two frequencies. The relativistic delay is which is a functioa of distance r t,'om the Sun, a,ud which
indepcndent of frequency. Ilowever, in all test, pc'r- is given by
formed to date, including 3[ariner 9, the rangint_ s,,.,,nal
has been tr-msmitted at only Cnt_'frcrluom_'y, an S-ba:_d A BN,. ........ (2_

r" ' r 2.cfrequency of about 22(1/) MHz. In the {utt,rc. bt,ginnin:_
with the 31arincr Venus/Mercury 1973 mission, United

; States' spacecraft will have the capability of bcin_ tracked whel e r is given in units of solar radii,and the constants
: at hoth S-band and X-band (_8500 .MHz). Thus, the A, B, and e art' parameters that can be estimated from

j Viking mission to Mars may provide expel-imental relativ- the rangin_ data. By pel'forming ,m exhaustive study of
I it3' with both an anchored spacecraft and a dual-frt'queney the' literature of solar eclipse investigations belore tilt'
i radio svsten_ for the calibration of the interplanetary Mariner 6 and 7 test, Muhlemala was able to obtain a

i mediunl. In the meantime. Mariner 9 and techniques priori estimates of the parameters A. B, and • as well as
t developed in earlier experiments to minimize the error values for their standard deviations.

! introdueed bv the interphmetary medium must suffice, = _O 9, X 10" electrons/cln:'in particular, the methods developed by D. O..Muhlemau A (1.3for the Mariner 6 and 7 relativity test (Ref. XXXII-6). B = (1.15 +0.7) × 10': electrons/cm"

• = 0.3 ___0.3
An accurate method for the interplanetary plasma is

difficult to formulate, but a reasonable model consists These values have been adopted _s a priori estimates of
of an average steady-state componeut, which is strongly the steady-state corona for M,riner 9. In addition, errors
dependent on distance from the Sun, plus a variable in B and • are assumed to be almost perfectly correlated
stochastic component, which will introduce random in the a priori covariance matrix to constrain the standard
delays into the ranging signal and which will cause a deviation on the number of electrons at Earth's distance

loss of coherence in the radio signal as it passes near (215 solar radii). As a result, tl_e as,mined steady-state
the Sun. In addition, both range and Doppler data will electron density at Earth is 5 -,- 5 electrons/cm 3.
become intrea' ingly noisy as the spacecraft approaches
superior eonjmlction. The exact nature of the increase in The time delay through the steady-state plasma model
the Doppler noise for Mariner 9 has been studied empiri- given by Eq. (2) can be obtained by integrating along
cally (set. Section XXX of this report). In the present the ray path for each range obscrration (I_ef. XXXII-6).
analysis of the reduced range data (normal points), the In a similar way, the relativistic time delay can be

stochastic effect of the solar corona is accounted for by derived. Perhaps the simplest expression for this delay
downweighting each point by an amount that depends has been obtained in isotropic coordinates by Holdridge
on the distance of the ray path from the Sun. This may
be an oversimplification of the actual physics of the solar (Ref. XXXII-7) and by Tausner (Ref. XXXII-8). The total
corona, but it is used here only as a means of down- one-way light time between the observer and the subject
weighting data. The equation used to determine the is given in this form by

standard deviation on a single range measurement was ( _)
derived by Muhleman for Mariners 6 and 7. This standard CAt = p + (1 + 7)m In r-L''+ rt -!-p (3)
deviation is given by \r. + r_

where p, r, and ra are coordinate distances repres,.mting,

_r"= ao + (32.7 _scc) _ (I) respectively, the observer-spacecraft distance, the Sun-
p3 observer distance, and the Sun-spacecraft distance. Tim

parameter m is equal to one-half the gra,. ltational radius
where ,to is the instrumental error in the measurement of the Sun and is equal to

of range, and p is the distance of the ray path from \
the Sun in solar radii. The constant 82,7 _tsec was deter- GMe

m = _ = 1.4766 km (4)mined from Mariner 6 and 7 range residuals and repre- c2
sents a random fluctuation of about 80% in the inter-

planetary plasma. To compute the actual round trip of the ranging signal,
it is necessary to solve light-time equations for the times

The average steady-state component of the plasma of transmission and reception of the signal and to com-
delay is obtained by assuming an electron density N,, pute the coordinates at the appropriate times.
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The second turin ill tile light-time equation (Eq. 3) in radio signals to the planets and 31ari_zer._6 and 7. This
"_ represents tile relativistic time delay. It is parametel'ized goal has not yet been achieved, but somu of the progress

in terms of the relativity parameter 7 which can be made to date is reported here, and the methods of the

determined by the method ot least squares from the data analysis arc explained.
Mariner 9 data. Actually. -/ is one of two important

parameters (/:t, -/) in a guneralized space-tim_, metric The last data from Maril_er 9 were _;btaincd approxi-
first introduced by Eddington in 1._:'93(Ref, XXX;[-9). It matelv 2 weeks before the uritin_ of this report, and :he
hlclndes post-Newtonian terms and is given in isotropic analysis of the relativity data, which is hein_ performed

, csordinates by jointly by experimenters at JPL and at .MIT, has just
begun. In fact, the experience gained to date has con-

[ .. 1d,°' 1 2 m /m\: vineed all experimenters that the data analysis is quite
r complicated and that it is not possible to predict at this

time with any certainty what the accuracy of the result

' r ml will be or when it will be obtained. It is anticipated
- L 1 + 27--7_l(dx-" -_-dy-' + dz-') (5) that several months will be required to obtain a signifi-

cant result. Yet, despite the difficulty of the analysis,

It has been shown by Will (Ref. XXXII-10) that if any the experimenters remain optimistic about the importance
metric thcor_ of gravity possesses integral conservation of the Mariner 9 detcrnaination of 7- Also, although a
laws for energy, momentum, angular monacntum, and value of 13will not be obtained from approximately 1
center-of-mass motions, then the Eddington metric (Eq. 5) 3'ear of ranging data, nevertheless Mariner 9 will be
is sufficient to describe these metric theories of gravity important to an ultimate determination of this parameter,
in their post Newtonian or weak-field limits, a limit when it is possible to combine the data now available
which is certainly applicable to solar system tests of with future passive radar ranging to the planets and with
relativity, future data from Mariner Venus/Mercury 1973, Helios.

and Viking.

In Einstein's general relativity theory, both /3 and 3'

are unity. An experimental determination of fl or 7 [3, Method of Data Analysis
differing significantly from the Einstein values would

require that an alternative theory of gravity be adoptcd. To perform a relativity test at superior _.onjunction
At this time, no reliable experiment indicates values to an accuracy of about 1% with ranging data from
of fl or 7 that are significantly different from unity; Mariner 9, the relative position of the Earth and Mars
in fact, no _ignificant measurement of [:t has yet been must be known to an accuracy on the order of a few tens
achieved, ,w.,,c superior conjunction time-delay and light- of meters. Even with all of the past radar and optical
deflection experiments are sensitive to a parameter data, it is not possible to achieve these accuracies. The
-/* = 1/2 (1 + 7) which, as can be seen from Eq. (3), last radar data to Mars were tak_n in October 1971, and
determines the amount of the time delay. The 4% test thus any Earth-Mars orbits which are determined solely
of general relativity achieved by the tracking of Mariners 6 from the past radar and optical data must be extrapolatcd
and 7 implies an accuracy of __+8% in 7. This is not into the region of the Mariner 9 mission. Extrapolated
sufficiently accurate to exclude a value of ,/that differs orbits are notoriously unreliable, and for this reason the
significantly from the Einstein value. For example, based Mariner 9 relativity test depends heavily on the accurate
on a measurement of the solar oblateness (Refs. XXXII-11 deterlnination of the relat",ve Earth-Mars orbit from the
through XXXII-I:3) and on the accurate determination data taken over the entire period from injection into orbit

of the precession of the perihelion of Mercury (Ref. on November 14, 1971 (GMT), until the last ranging pass
XXXII-14), it can be concluded that _ should be equal on October 27, 1972.
to 0.86, although the deflection and time-delay experi-
ments indicate that a value this small is unlikely. There- Ideally, the analysis of the tracking data for the rela-

fore, the goal of the Mariner 9 data analysis, which tivity experime_t could be accomplished by placing all
represents the first analysis for an anchored spacecraft, of the range and Doppler data into a gigantic least-
is to obtain a value for ,/which will be significantly more squares estimation program and then by determining

accurate than previous determinations, whether by means simultaneously all of the parameters that define the
of the measurement of the deflection of radiation from models for the orbit of the spacecraft, the orbit of Mars,

radio sources, or by the measurement of the time delay the orbit of Earth, the gravity fields of Mars, the relativity
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p..'<.....t.,',t_a,,dv-tl.' .,t<.ad,-,U_t.,.l_."<',....,p.r...._- Tl.. [i.,t ,,'t .t ....'..,alp.h,t, wa, _e:...-.f.aa.,d.< lIB
I't_'l_ A. B. :u,d _. _md _(_ou. In l_raGice, this i_ vh'arlv h,a_t-squares [it wa_ obtained |)v ditter('ntialh c_rrcct-

• i,,ipo_ql_h'. Not tmlx would the "wq_utati,.mal tit,.' _md in_ the orhit:ll clentent_ ol Earth aim .Mar_. TI., /it

j ._t{)l.l_(.capal_ihti_'s .'fl the ('Ollq'mtur 11(.e\ceed_'d, but x_a_ surl)rlsmgly good x_ith m, ]tM,% rtqduul ol ah_mt j_
i ;AIM)till' IlOIl_l'd'_ itational h.'e_'s aetiu,_ on the spacucndt 0.12 .,,sev ( 1(_m). The interval of time from the tirst to r-,

would pn,x,'ut the.det_'r.d.at.m ot it- orbit ovur ._ucha last ,.)zmal point ext:'nded from Novemher 20. 1971. to
' lon_ p_.ri_id ol timu. It would he m.c.vssarvto n,sort to !;ulnua:. !<4.1972. Sometilne later, a second set rl[ nornml
i ..,thod._ of seqt.,ntial e?imation with n,Hwct to the p_fints xxas_em'rated. which extended this arc to July :_0.

spacecralt orbit, which in itself would plat,, _n'atur de- 1972. \Vith a ]itth' over 8 n'onths of normal points now
mand_ on smra,_eeapabiliti_._and COmlmtvr time. There- availalde, m'w epheuleridcs for the inner pianet_ '.vere
tore, it ix ussential _') find a mvthod for re(lucinv, the _enerated by eoml)inin_ the 3hn'iner 9 data with all o[ the
tr:,ckin_ data to a tractable setof compress¢'ddata. which past radar mid optical data that had i)et,n included in
will .still contain all o! the relativity informution of the pn'vious JPI. _'l)ht'merides. This work ix discussed in

i raw tlat<l. Set'titre XXXIV of this Rep{Irt. :\s a result {if th{' work.a uuw ephemeris was produced which ec,l_tains both tilt'

"l'tlt, procedurt, which has heen c'hoseu to aec.omplish a .IP[, radar data from tilt, 1.971 :_[al'S oppositiou and 8
r_,duetio..1- the .Uarincr 9 trackin!_ d,tta mnkes rise O_ months of 31ariner ,9 nmmal points. This new ephemeris.

,_" ( DE ,q-9).l)_q_ph,r data ox't,r relativuly short ares ,t ul)out one to which wus called l)t'velopnwnt Ephemeris _
him' m'bit,d revolutions to determine tilt, orl)it of tilt' was ust'd to evaluate later traekin_,, data: it was able to i
.sp,lcecratt ahout \lars. Next, with tilt, knowledt,,e o[ the predict range data to an accuracy of a few microseconds. 1

\lars-ceuten'd orbit, it is possible to use the range data
to the spacecratt to determiue tilt" distance Iwtween tilt' 1)urin_ Au-_ust. September. and Octoher, new normal
t'_'ntt'r -t Earth ,lnd the center of .Mars for eaeh short points werc' _mwn_tt'd on a schedule ot about once per
iuterval tfl trackiw¢ data, These reducvd l'an_e measure- wuek. and they were fit with new corrections to the orbits

m,'nt_ Iwtxxet'n thc centers of the two plam'ts make up of tilt, inner planets. Tilese fits xx_,re u,:eful in tilt'
tilt' basic data for the relativity tuft. The dr,talk of the editing, and evaluation of the validity o£ the normal

_um,ral.m ot these red,iced data. callt'd normal points, point:. However, in all solutions performed durin_ this
uru discussvd iu Sectiou NXN of this ]_eport. Thv raw lwriod, it was Ilever possible to ohtain a si_uificant
data used to ,,,euerate tilt' normal points are dcscril)ed in solution for tilt' relativity parameter 7. Tilt' solutions

Sectitm XNIX. The performance ot the relativity expert- weru quite sensitive to chan_es in the data weighting
inent up to and ineludin_ the 7ent'ration o1:the normal sehelne, tilt" paraiueter _,t ti,sed in the sohition, and the
poil is has been a ioiut effort lit'tweeli tilt' ux.periillcnters illllnl)'.'r O[ Yloi'nlil] points used ill tilt' fit. It became cieltr

:It JPi, and MIT. Bx nnltua] aTret'll,t'nt, the su|)sequent that tilt, analyses of the normal points and the determilln-

analysis, which inx'ol've,; nlakin_ least-squares [its to tilt' tioit of a definitive vahle ot: -I, fl'onl tilt' Jlfn'iner .0 data
nol'lnal points ;,nd _olvill_ for the rehttivitv paranwters would be difficult, and that it would require a eonsider-
alml_ with other orhital and coronal paranleters, will lw able amount of time to understand a new and unf_amiliar
l)ert'_)rnled independently by the MIT and JPL teail/S, eXperimeut wilieh was presenting nlany Ull[:orescen prob-
The t",;.i)('i'illl('liti'i's will rt'at, h ;i ,nntil;ll a_ri'eelneilt oil tilt' ion-is. It was evident timt, befol'e the experilllCllt was

fiual results of the experinwnt. The analysis of the norm_d over, it would be necessary to perform one or more

points at .]PI, is ht,int; l)erforuwd usin,_ a set of colnputer refinements of the normal points and to experiment with
programs called the Solar System Data Processing System a number of methods of fittiug those points. The eorreet
(SSDPS, Ref. XXXII-15). At .MIT, the analysis is bei,lt_ procedure for combining the normal points with the past

performed with a similar, but eonlph'tely independent, optical and rad;tr data would have to he determined,
systeln called the Phmetary Ephemeris Prog,ram (PEPS. and new gravity and topographical models for Mars
Because the final results from both JPL and .MlT will would have to be obtained. ..k._,:

depend direetly on the validity of the nornlal points, the c
experinwntecs at both institutions are taking an acd,'e The procedure that has been followed to date for ,>e
part in the ._ent'ratiou of tht, points. Also, as a cheek on processing the Mariner 9 normal points within the SSDPS
the solutions ol)tained fi'om the normal points, P.B. is first to input the normal points on punched caMs into
Esposito (see Section XXXI of this Report) is fltti:te: both a program which writes a mag;netic tape containing the
the raw range and DopFier data over a 6-week arc ten- equations of eondition for the least-squares process.
tered about superior conjunction, Data residuals are formed by directly differencing the '

1
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input ui_)rmalpoiut aud a prt,dictvd n,_rmal l_,,illl, basvd s_._,s_.II thv b_lal s_,t_t all p,u.u1,_.t,'r, l, _,_',._ I_ v ,it1,1 Ii
Ul)lm a st,tUdald -'phrlucris. l_et';t,l,t' tilt' t'_lu,tti,ms _t it tllt' l_,trti,tl <h'rix,ttivvs _t tl.' 1.u,u.tl l_mts x_itl_ ,_.sla,.tt !,
comlition h_r all pa_t ]ad,tr aim ,_ph_'al data ,tt IPl. to tht. xxh<,h, set _lf pal,tHtett'r ,, .tl-(' _dhwt,.d iiit(_ a ,'
,.c rckrrcd tc_ l)t,vvhqmu.llt Eph.,,,,ris 6._1 ,I)E f'ic._l, matri\ ,I,. ,u,d. turthvr, it th,. xx_,i_llt,, .l',,,twi,,b.d xxith tit,
tllt" st:mdavd ,'l_hrmt'ris tcu' tl,' n'dueti_m _t thr nor_n,tl l,ml.,tl pIHIll,, ,tl'(' colh'ctt'd iut_ .t di,_m,d xx_'l_i_tulu

t)oinls is als:) I)E 6;._) t_,r tou.sistt.uex. "l'h_s cl)ht.l_wris is lu,ttn\ W. thcu tlw h,ast-squar<.s diItercutial c.t,rrcchtm
ac'euratt' eHou_h that ]im'ar t t_rrt,¢.ti_tls to tlw rb'lm']lt,; tormula Is

of tlw pla_mts art. suliic'i_,nt t(>dett'rmi_w _.lwlpa.st-._quarc_
fit to all radar, optiea], and sl)act'c'r.ttt data. -\ll that L,I,_I.',I,) &x ,1,_1,"._xz ,T_
is involxt,d in computin,_ thv predicted va!uc ot the nor-
mal poiut, xxl,k.h is smq)l.x the instantmu'ous distauee x_l,"e ._'x=rcprt,scuts tilt, ,,vl ot all r:'sldtL,tls l_th_n' tl_v fit
l_etwt'en tht crntt'v ot Earth and the e<,nter of _Xl;trs.is dnd ,,x rvprvst,nts th,, c.orrc,,..ti(ms to bt' apl)hrd te th,'

to n'.td the I)E 69 q_henwris tape at the timt' a_,;ociab'd n_mliual pa:amcters to I_'st tit thc data. Thr n'sidu.tls
with tht' norma! point and to {_nd thv Earth-M,trs dis- alter the ht ..x:' can b_, ohtaim,d h'ou_ the linr:u
tanee at tlmt time. q'o this lm_ie comdinatt' distance, the relatitmship

relativistic timr dt,la.x _ixen by Eq (:3 } i_ added, as well
as a correction for tl,. coronal cMav. which is obtained _x:' =-..x:.--,I,.Xx <S_

by intt,_ratin_ al,,_ t _''' ray path throu,_h a plasma ,vith
au t,h'etron density _wen by Eq. (.9). Tlw norlnal ptlint lu additiou to the rc';iduals m,d their assoeiab'd w,'i_ht,.

repres_'nts the round-trip light time. c._xt between the wh!ch art' eomputed by Eq. _1). the partial dvrivativrs
center of Earth and tht' center of .Xlars: henc'c', the ;u't' evaluatud by sul)pro_ram,s within the SSDPS and

residual placed on the tape c.ontainin,_ the equation_ of are plaeed on maim,tic tape. The pmtial deriv,ttivvs
eonditiou is parameterizt'd according to the followin_ with respect to the relativity paramt'ter -: iuvoh'e 1)_:h

symbolic representation: a dxnamical variation thr¢;ugh the coordinate i'.lll_(,
p in Eq. (6) as well as an explicit derivative in tl,.

(O - C) -- ..xt(normal pointl propagation terln ',. The partial derivatives with rc'speet
to the coroua paramt'tcr:, a. B. a_.d e a_t t.valuated 1)x

0 mt'alls of a subroutine, em_strueted bx E,,posito and
- - p (ephemeris parameters, 7) Hamata. which eomputc,s both the correc.tion ',, and tht,G

partial derivatives of the eorrcetien with respt'et to

x, (7) - .x, (A. B, e) (6_ the three coronal parameter.,,. Tl,i_ routine allows for the
possibility of an asymmetrie c'_n'ona with different values

The range p is the coordinate di.stanee hetwet,n Earth of tlw three parameters m the pre-eoniunctiou and post-
and .Mars. The eorrection ±, is the relati,'ity delay and eonjunetion phase_ of the mission. However. to this timt',
to the first order in meters is a funetmn ot: 7 only. The the data analysis has assumed a symmetric corona, and

this appears adequate for the Mariner ,9 data analysi.,,correction .x, represents the delay throu,zh thc inter-
(sce Section XXXII-G).planetary medium and is a funetiou of tiw coronal param-

eters A. B, and _. The coordinate r.m-e,., p is also a
function of the relativity parameter 7. for the reason that "flw next step in the formation ofta bt'st-fi_ solutiou t.
the i'anKe is determined by the relativistic orbital dvrlam- the normal points is to use the tape containin_ the partial
ies of Earth and .Mars. Consistency hetween the orbital derivatives ,I,, the dia,.s,onal elements of the wt, i_htint_

matrix W, and the residuals _X:and then to form the _,or-

d vnamies and the propagation delay in d_is ,.,xperiment real equations of Eq. (7). The nmtriees q>r_Vq, and
is ensured by performin,¢ all calculations in isotropie ,I,rlv&z art, output on punched cards. Tilt' advantage _f
coordinates. For example. DE 69 is based on a numerical having this inf<,rmation on cards is that it is now possibh,

-. _ integration of the relativistic or!)ital equations in _sotropic to combine the normal equations from the spae_ :'aL

'j;i coordinates with the parameter 7 set equal to the Einstein data. Thus, solutions are easily obtainable for varyin_ ._
. " valae of unity. The residuals hefore the fit in all of the sets of data and for am, subset of parameters amon,_ the ; •

s'_lutions performed to date are based on the Einstein total set included in the normal equations. The m_rmal

theory (,/: 1) and on the a priori coz'on;" model dis- equations for various data sets art, combiued accordiu_ )
: cussed in Section XXXII-A. The differential correction to the linear relations :"

: process finds new v.'dues for all of the parameters so that I

the residuals after the fit are minimized in a least-squares [.,,.(¢r1._.'t )] _x : "(q,r_,VAz) (9) ')

JPL TECHNICALREPORT32-1550, VOL. IV 435 ... "

¢ ,[

N I _ i, , ii, , i, " i, ,i,- , ..........

1973023947-443



1_ w,_,,lN- ..... _ 1 - ?

Tilt" lint'ar cqu.tti_m ,q; i_ _ol_ed by m_',m._ of rmltiut-, lwcau,t. I)E _(I t'tmtam_ the. I._71 .klar_ _q_p_itiml tlata. II
discus:cd in Rt,L XXXII-IB b: l,t_,uu ,rod H,mson. and tht. rt.,,idual, in the. u,_rmal pt_ia_tsat,' smalh.r than
l_csidual_ ,t{ter th," tit for ,uw solution _x t'au _,_eM_t.lin_'d tht_t' bast'd _m DE fit). T¢_ tomputt, tht.sc rt.sidu,ds t_

by rcturiun-_ to th< data t.tl_r cmataiuin_ tht- t,quations I)E _,0. it x,_._xIIt't-t'y..,,,Ir_t(I apply ct_rrcction_ to the'
of c(mditiou and h_ ,tpIliylU_2 Eq. _.5,. t zlt-_t"lt-_ttt[,,,_ i'_ar._::::'t,.'r__:f DE _ _hi_,h ir_' _ivcll in l_.t'f. XXXII-I¢}.

after tht, fit can he plotted automatit_dlv by conlputer The corr/.cti,ns ttl tht' l)ar,ullt.tt'rs of DE 69. whit'h pro-
routines, flute I)E SI). ,:re list_.d iu T.ible XXXII-1. In all. tlwr_-

are 3:2 parami.t¢.r,; which have hceu ditl,.;t'utiall_- t,lr- I$

h-i t'SSt'uce, this is tilt" pr_ct'durt- that is ht,iug [ollowtxl rectcd. Thcs,. iucluch' _i,__rbital t,h,mt'nts for each of tht'
in the analysis of tht- Mari:wr 9 nonual points. Computa- four iuut'r plam,ts, l_ias correcti_n_._ tt) tilt' right asct.nsi_u
tionaI dt.tails ,tml ti_c re.my m:_tions available to the user a;_d dt'tli_latiort mcasurcmt,nts of .k[ercnrv and \'enu_, to

of the SSDPS have ht,cu omittt.d from this discussion, account fur pha_t, t.f[t'ct_, the radii of ._lercur3". Vt'lul,,. I!

Many details p,'rtainin¢ to tht" analysis of the inter- and .Mars. and tilt, .l_tronomical unit. The value of the

planetary medium cal.] be found in Rt, f. NXXlI-6. "r_- astronDmical unit in DE 69 is 14._).597.$93.0km. Tht' valut._
I:

equatiolls nect_sary to incor,poratc _eneral relativity into of d and -/ art' both unity, and tilt' tluadrul_olt" murat ut l:

tilt. spacecraft trackin_ problem can be found in Refs. in the Sun's gravit3." field is assumed to be 0. The radii of i
i XXXlt-6 and XXXII-17. The lo_i_al structure of tht. the planets m:4 their inverse mass ratios are Kiven in

i SSDPS and a dcscription of it., subroutines are given i_ Table XXXII-2. All plauetar.v masses except for

Ref. XXXII-IS. .Mercur_ arc ba_ed on spacccraft flybys and ar_"of rela- i
lively high accuracy with respect to determinations that

can be performed with radar and optical data alone. Tilt, _1
'_ C. Preliminary Set of Normal Points mass of Earth is determined from near-Earth data on !

-, From Mariner 9 Ramz,erand Mariner missions, and the mass of tilt, Farth-

A preliminary set of normal points is available now Moon system is of comparable accuracy because of I
over an interval of time cxtendin-_ from November 17, accurate determinations of the lunar inequality from '
1971. to October 11. 1972. A discussion of the _eneration intcrplanetar.v spacecraft and radar observations.

of these points is given in Section XXX of this Report,

and their accurac.v is evaluated. A normal point is defined Tile comput_:tion of coronal delays for each normal
| _t_ the instantaueotts :aund-trip light time between the point, as well as the partial derivatives of the data with

center of Earth a: J tile center of .Mars at a given time respect to the coronal paranwters, requires a knowledge
of obscrvatiou. The actual relativistic time delay and the of the transmitted frequency through the interplanetary
coronal time delay are included in the normal point, medium. Although this frequency was a variable and x :s

There are often two or more normal points for a single changed from pass to pass, the total difference betwetn
tim: of observation. When this occurs, it means that the smallest frequency tra_smitted and the largest was

less than one part in 10' of the transmitted frequency;more than one determination of the spacecraft orbit was
uscd co determine the normal point. Usually one point and, for purposes of coronal delay, calculations can be

neglected. A good average transmitted frequency thatwill be generated from an orbit determined over one

revolution of the spacecraft, whereas another poiut will can be _,ttached to all of the nolmal poi_ats is a value of
be determined from a longer arc, from about three to nine :?,.1144X 10_ Hz. The frequency transmitted from the

spacecraft back to the ground station is not the same as
revcqutions. No attempt has been made at this point in the transmitted frequency. In the spacecraft, the fre-
tile analysis to distinguish between the normal points queney received from the ground is multiplied by a
from a short arc and those from a long arc. The system- factor of 240/221. The difference in the frequency on the
attc drifts in tile normal points over a single pass, whether up-leg of the transmission and the down-leg is taken
cmtsed by variations in the interplanetary plasma density into account in the coronal subroutine used to compute
or by errors in the orbit determination of tile spacecraft, corrections and I:artial derivatives, The normal points up

are of greater concern ,vith respect to this preliminary to the Julian Ephemeris Date (JED) 0441325.5 were
set of points, constructed with ranging data taken from DSS 12 of the

Oeep Space NeP,-,ork. After that date, the ranging equip-
As a starting point for the Mariner 9 data analysis, it ment was moved to DSS 14, and all subsequent normal

was decided to compute residuals in the normal points points were generated with ranging data from that
to DE 80 rather than the nominal ephemeris DE 69 station.
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Table XXXII-1. DE 69 conections for radar and optical data

A past a ( past _ A/a t past )
par,uneter _ DE 80 Past - DE 80 '

M., - Ar for Mcrcu_" -0.193 -0.049 0,144 0. I01 1.43

Av for _l crcu r.v {I.1_ -- 0.158 -- (I.'9-,81 O.180 -- 1.56

A _for Mcrcu_" -- 0.101 O.131 0.232 0.157 1.48

c Ar for Mercury -0.034 -(I.036 --0.002 0.047 --0.04

Aa/a for Mercury 0 -0.040 -0.040 0.040 -1.00

Ac fnr .Mercur3. O.004 0.036 0.032 0.026 1.2.3

Bias in fight asc(.nslon for MercuD' 0.007 -0.009 -0.016 3.38 -0

". Bias in declination for Mercu_" 0.185 0.241 0.056 3.66 0.02

: Radius of Mercury, km 1.982 (I.329 - 1.653 7.46 -0.22 ,

_; AI,, --' At forVenus -0.204 -0.071 0.133 0.092 1.45

Ap for Venus - 0.009 0.071 0.080 0.093 9.86

_,_ [or Venus -0.177 0.034 0.211 0.095 2.22

c__r [or ','enus --0.002 -0.026 --0.024 0.0_3 -- 1.04
¢

Aa.la [or \emls 0 --0.033 --0.033 0.029 -- 1.14

3e for Venus 0.001 0.01-_ 0.013 6.013 1.00

Bias in rigbt ascension for Venus -0 746 -0.430 0.316 0.191 1.65 '

Bias ':n thv ];nation [or Venus -0.085 0.086 O.171 0.177 0.97 [

Radms o( Venus. km 1.900 --0.901 -2.801 6.97 -0.40 :

M -- At for Earth-Moon bad'center -0.213 -0.086 0.127 0.086 1.48

A_,for Earth-Mtmn bawcenter 0,081 0.082 0.001 0.081 0.01 1

A. for Earth-Moon barycenter 0.i39 0.073 -0.066 0.090 -0.73 '

car for Earlh-Moon bawcenter -0.003 0.006 0.009 0.011 0.82

Aa/a for Earth-M_mn barycenter 0 -0.0"9,4 -0.024 0.022 - 1.09

_e for Earth-Moon bary.center 0.002 0.023 0.021 0.020 1.05

Al,, a- Ar for Mars -0.210 0.088 0.122 0.089 1.37

Ap for Mars --0.014 --0.120 -0.106 0.146 --0.73

Aq for Mars 0.0,38 --0.027 --0.065 0.145 --0.45
car (or Mars -0.013 -0.006 0.007 0.013 0.54

Aa/a for Mars O.001 --0.017 -0£18 0.019 -0.95

Ae for Mars 0.008 0.023 0.015 0.021 0.71

Radius of Mars, km 19.28 33.98 14.70 25.36 0.58 ::

Mass of MercuD' ( inverse mass units ) 42887 141600 0.30

Mass of Venus (inverse mass m_its) 6,60 440 0.02

Mass of Earth-Moon baryc¢ nter 33.97 o,81 0.12
( inverse mass units )

Mass of Mars ( inverse ma._ units ) __b --912 22942 --0.04

Mass of Jupiter ( inverse mass units ) __b 0.27 0.67 0.40 ,i

Mass of Sahma ( inverse mass units ) --_ --'25.7 74 --0.35 ,

Mass of Urav'_s (inverse mass units ) _b --1723 4585 --0.38

Mass of Nephme ( inverse mass units) _b -- 5698 27588 -- 0.21 _'

Mass of Pluto ( inverse mass units ) _h -- 1.80 D6 491 D6 -0 .,.

Astronomical unit, km 1.788 -0.495 - 1.293 7.2.53 -0.18 '._

Beta ( dimensionless ) _b 4.47 3.54 1.26 :.

Gamma (dimensionless ) _b 0,890 1.48 0.60 _;

]2 of the Sun (dimensionless) _b 29.5 D - 5 25.96 D -5 1.14 ._

*Units are are seconds unless specified. _

bParameter is not included in the DE 80 solution. _,_

k
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T_h!._Y._X!!-2 StandardDE69values 2o{ ,

I
bt,mdard])['_(.;t) o_

[>ar.u,_,'ttr vah:e km ! % I_

l1

Radm_.f \hI_m_ :?.44). -2o_- _ - "Radht.o| Vt.uu. (i05] " I},
_" t • [

I_:,hu, ,,f Xl,,r_ 337(_ i t I

I,iv,'rst-m.l_sof V,.ml_ 40_.522 _ / _ J
lilt t'r,t"Ill,l.... [ E.trth-\l,_m I,a_t','ntt r 325..t._10.1 _ t • _
]IIt. t'l",t' Ill ,_;', o_ Mars 3._lqS,';tHI _ --6¢ t-

] tt t

ln_,.r_t,ill,;.',.',O!.]upih.r '047.3_1S _ I "] In_cr_cma<,of Saturn -14_)

[tl_ t r',t' mass of Ur,mn', __,0.311

ln_t r,,"nt,t<,_tf.Xti_tlmv 1.q.260 _. " _

-IN1
' A plot of all residual points twfore tht. fit. rcf<'m'd z_:z_e _3so _._o __,6_0

to DE 80, is shown in Fi,4. XXXII-1. The striking system- JUUANF.FrI[I,AER|SDA|_
atic crror evidenced ill tht'se residuals is eauscd primarily Fig.xXXIl-l. Rangeresidualsof all Mariner9 normal
hv an error in the eccentricity of .Mars in DE 80. points using DE80.

As shown in the plot. a rough curve fit to the normai _raphie variation_ on these planets. Because of errors, it
point residuals shown in Fig. XXXII-I will produce some was decided that the radar data would be ustxl onh" to

ve_- small residuals after the fit, and these residuals can c_ndition the least-squares solution for the orbit of the
hi. uscd to vlimi,mte the few nm-mal points whose errors innt.r planets; the orbits of Earth and .Mars would not
_.re very much I,_r_t'r than tht" RMS residual aftcr the fit. 'lecessarily be constrained to fit the radar data.
All of these bhmder points have been removcd from the

given data set. and, const,qucntly, a preliminaD' editing The procedure adopted to aec_3untfor systematit: errors
of the data has been accomplished, from topographic variations m the radar data was to

downweight each set of normal t,quations I)v an amount

D. RadarandOpticalData consistent with the RMS residual on the data
associated with a particular set of normal equations. At

Considerable informatit n on the orbits of the inner least in the first stages of the data analysis, a most con-
planets, including Earth and Mars, is available from servative wei_htinq of the radar and optical data was

past radar and optical data. Tl_e relativity test could adopted. The RMS residual on each set of radar data
be strengthened I)v combining the normal point data used as the limiting error on that set and each observa-
discussed previously with the set of data that went tion was weighted by multiplying the square-root of the
into the construction of DE 80. With this in mind, normal total number of points in the data set by the R.MS resid-
equations produeed by Keesey et al. for the devel- ual. Each RMS value was determined from plots of all
opment ephemc.Mes (set' Section XXXIV of this Report) radar residuals from DE 82. Similarly, for the 28,2:37

were obtained on punched cards. However, it was de- meridian circle observations, which were compressed into
cided, at least for the preliminary analysis, to downweight six sets of normal equations, a value of 0.058 arc sec was

the past radar and optical data for two reasons: (1) A somewhat arbitrarily selected as the limiting error, and
measurement of the time delay requires an accurate orbit the square root of the total number of optical observations
of Mars with respect to Earth. Only the Mariner 9 data for each set of normal equations was multiplied by this
provide additional information on .Mars in this region, limiting error.
Therefore, it was decided to perhaps over-emphasize the
importance of the normal points in the determination of A summary of the weighting _cheme is shown in Table
the Earth-Mars orbit. (2) The radar bounce data to the XXXII-3. The last two colunms of the table are included

inner planets are systematically in error because of topo- for comparison purposes only. They give the amount by
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Table XXXII.3. Past data

L'm_,'ichted \Vei_hting V_'ei_htiug

X_mnaI ( _ lqam't Xumlu,r ot RMS o"for W,-i_ht._ng fatt-r,
•'quation ..... r_ .A.:::," ohst rxvd _,h.,erv,mou_ t-.-..tu.,,,,"_ ' <,:v_.- l:,,i,;t, f-u h_r iDF. hO _.

l'a,t r ,].,r d.da

1 ArL.cilx_ .Xh.rcury 1l-q 711 77fl 77 1

2, lI,t.x'sl,tt_'l,. \It.rt ury" 88 15 141 12 1

3 1t,0 q,tek \'etms Cx3 Ill 811 11 1

; 4 Millstone Venus l(ll. l(l{'l I(R'R) .-3 l

3 JPL Venus 2'5.5 311 51)7 _5 1
( = l;_ intuto',tatic '_

6 Areciho M,trs 311 182 _,]qo 5 1

7 ||,tystack .M,u's i 18 5(I 550 14 2{I

, b; J PL ._lars a_42 2.(I 3 lO 16(1 211

1 _ = 13 m,mr,<tatic:
=13 and 14 lu_tatu

!
.t) J PL Mars 761 05 6,55 685 21)

= 13 and 1-t hi_tat:c.

= 14 mnnost,ttic

Past tq_tical data "a

Normal etpmtion Obsrrvatinn type Nttmller of oI,scrvations Weighting factor \Vcitthtint,' factor ( I)E 80 )

10 Declhmtion 722:2 8.5 1

| 11 Right ascension 7386 .8.6 1

12 Declinution 6384 8.0 1 t_

13 Right ascension 6766 8.2 l

14 Declination 230 1.5 1

15 Right ascension 2A9 1.6 t

_.Merithan circle ,_l_servatitms of .Mrrcut2,.', WelltlS, Mar.',, and the Sun from tile United States Naval OI)servatory. Each point has an a

priori a of 0.1 ate see.

which each set of normal equations was downweightcd given in cohmm 7 of the table and by sumnaing according

from its a priori value for both the conservative weighting to Eq. (9). In this way a single set of normal equations
scheme described here and for the weighting scheme that has been produced which represents all past radar
was used to produce DE 80, The most significant differ- and opt't ._ data that have been included in the JPL de-
ence between these two weighting schemes is a factor of velopment ephemerides. This by no means represents all

about 34 in the weighting of the 1971 Mars opposition of the existing radar data. The experimenters at MIT
data. have proccs_.cd considerably more data, including some

very important superior conjunction data which resulted• !

The use of the RMS residual as the limiting error on a in the 5% test of relativity, reported in ReL XXXlI-6.

set of data and the corresponding weights given in These data _:romthe Areeibo and Haystack Observatories i
Table XXXII-3 are generally conservative. In the future, are now available to the experimenters at JPL and are
when the topographic variations have been removed from being reduced. Although this is a very important effort i
the data. the present weighting scheme should then be in the overall area of experinaental relativity, it is not i
abandoned in favor of a ',:ore optimistic one. However, in directly related to the Mariner 9 relativity test. From
the current analysis, all of the normal equations listed the viewpoint of this test alone, the use of a set ." 'i

separately in Table XXXII-3 have been combined into normal equations which incorporates only the past T=_!, A

. a single set of normal equations by applying the weights data is justified, Again, the normal equations 1o'. th:. : ;_

" J_'L TECHNICAL REPORT 32-1550, VOL. IV 439 ,-_

I I III • J I , ' I II NN ' ' ' rlill_ ......................................

1973023947-447



J I i I r'-_ , , |q , ,

I
I

p_lst data arc intendL'd only as a mealt_ of condition- are hetter determined by other data than by those u_cd
in_ the 3[ar.wr _ solution. |__owever, it is possibh+ to in this so[t,.tion. However, thc fact that all of the mas_es
place more importance mt file past data by uniformly ar,' esscL. , "v consistent with DE 69, which uses a cur- I:

t,pwci_htino_ tlw ,+_le set of normal equations for the r<'nt set o! planetary mas._es, indicatt,s that the overall

past data ,.vht.la they are coml)intxl with the ,Uarmer 9 _olution _s valid. Also. the <tanrlard deviations, although _
normal equations. By this technique, the relative weight- somewhat larxe, seem reasonabh'. They indicate, for
ing of the 15 individual sets of normal equations tor the example, that the JPL radar and optical data set can

past data is unchanged. If in the future it is decided, for determine the astronomical unit to about -+-7 kin. This is
example, that the 1971 radar opposition "lata should be about a factor of 2 larger than the error estilnate from ii

i made more important, then it will be necessary to repro- prt+vious dct,,rntinations of the astronomical constants,
._ cess all 15 sets of normal equations with a snmller where" a realistic standard deviatim_ was determined by

standard deviation on the 1971 opposition set performin_ many solutions and by observing the range I:
; of variations in the constants ( Ref. XXXII-1S ). Of course, t,i It
; As a means of investigating the effect of the new a solution such as that presented hcrc, which includes a li

weighting schem_' on the least-squares estimate of the uumbcr of parameters that can not be determined well r

! parameters of the imter planets, the :.7t of normal equa- from the data, will predict sorer, unrealistically large !,
tious for the past radar and optical data were first solved errors in parameters that should be determinable. The I
without the introduction of any Mariner 9 data. The most striking example of this is in the radius of Mars, i

' result is shown in the third column of Table ,"CXXII-1 which is unc<'rtain by -+-25 kin. However. a removal of
beside the solution for DE 80. The difference between the mass of Mars from the solution reduces this uncer- !

I the two solutions, which used exactly the same set of taint3' to about _--6 kin, a value which is much more I
A data but differed in the application of weights, is also consistent with the assumed limiting error of 25 psec t

shown in Table XXXII-1. The staadard deviations are (:3.75 _m) in the normal set (Eq. 9). The important

tabulated and obtained from the square root of the diag- consideration with respect to the solution given in Table
+ onal elements of the inverse normal matrix ¢,r'iVq, from XXXII-1 is that it represents a meaningful set of normal

i the solution with the conservative weighting. This solu- equations for all of the past JPL ephemeris data.
tion is labeled "past" in Table XXX[I-1. The ratio of the
differences in the two solutions and the standard devia- Experimentation with the set of normal equations for
tioiis at'e tabulated in colunm 6 of Table XXXII-1. the past data support the conclusion drawn from Table

Outside of a few minor corrections to the orientation XXXII-1 that there is no relativity information in the

elements p and q of the inner planets, the only really past data. This is consistent with findings by Shapiro
significant difference between DE 80 and the solution (Ref. XXXII-14) with respect to fl and 1._,and is not

inconsistent with the fact that he has reported a 5%with a more conservative weighting is that the mean
longitudes of all the inner planets have been shifted by determination of the constant 1/2 (1 +-/); some very
about 0.13 arc see. However, this is not important because important superior conjunction data are included in the
without the optical data it would be impossible to define MIT reduction which are not included here. The lack of
an absolute reference direction in space for the planetary information on -/in the JPL past data means that the use

rbits. The radar data can determine accurately the rela- of the normal equations for these data will not bias the

tire positions of the planets, but it contains no information relativity solution when the Mariner 9 normal points are
on their absolute positions with respect to the fixed stars, added. The solution for 7 from the past data of 0.890
The optical data tie the solar system to an inertial ±1.48 shows that the Mariner 9 data can be used to

determine practically any value of -/ that will fit the
reference or star catalog (FK4) upon which the optical

normal points. However, the orbits of Earth and Mars
observations are based. A change in the relative weighting
of the six sets of normal equations for the optical data are constrained by the past data by a conservative, but

can easily produce changes in the definition of the abso- fairly realistic, amount,
lute reference direction for the planetary orbits.

E. EditedNormalPoints
The solution to the past data and the estimate of the

error or standard deviation on each parameter are accept- A plot of residuals to DE 80 for all normal points
able. The corrections to the masses of all the planets is shown in Fig, XXXII-1. The scale of this plot makes
are insignificant with respect to their standard errors, it impossible to evaluate short period variations in the
although it should be pointed out that all of these masses normal points over a single pass of range data. To i
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investigate these' short period variations, several fits to tile past data and the 31arincr 9 normal points. Because

the normal points have been used to _enerate residuals all of the solutions to date were obtained for the lmr- l:
over every pass where more than three normal points pose of _ainin_ an understanding of tilt' problems with p
.,.re availahl_'. There are passes before superior eonjm_.c- the analysis of the Mariner 9 normal points, the en,- Htion when tile residuals dccrease with time, and periods phasis of the analysis described i.ore is on a cu,np,.i.,on
after superior conjunction when tile}" increase, just the of fits to thret- data sets. Tilt' first set contains the
opposite ot the behavior predicted bv tile steady-state past radar and optical data alone; the second contains

model. Some of these systematic variations ill the normal the past data and the 94 Mariner 9 normal points of
points art' undoubtedly caused b.v plasma fluctuations, Table XXXII-4: the third contains the normal points and
but others in regions far from superior conjunction nmst all past data. with tile exception of the radar measure-

_' be caused by errors in the spacecraft orbit determination, ments to Mars. Solutions to tbe first set indicate what

: Every attempt is being made at the t)resent time to can be achieved with tile past JPL data set alone. This
i eliminate systematic errors from tilt. nornml points (see set does not include tile available Haystack data from I,

Section XXX of this Rcport_. However. until this is April 1971 to February 1972. Fits to the second set I
accomplished, some alternative must be found to using include opposition data from radar ranging and space- t-
all of tile normal points in the least-squares fit. Other- craft ranging, and fits to tile third set can be used to

' wise, very little pro-,ress will be made in the analysis of check the consistency of the Goldstone Mars radar data i

the normal points for relativity purposes. Probably tilt, and tile Mariner 9 normal points. A fit to the third set of !
, best approach is to eliminate the rapid variations by data generates an Earth-Mars ephemeris based on the

arbitrarily selecting from each pass of normal points one normal points alone, and tile validity of this ephemeris •
point to represent the entire pass. As a result of this type can be tested by computing rcsiduals on the radar data
of selection procedure, the total edited set of 1194 normal not in the fit. Tiffs provides a strong test because the fit sI

points has been reduced by a second editing or selection to the normal points, which extend from November 20,
to only 94 points. These points are listed in Table 1971, to October 27, 1972, must be extrapolated back-
XXXII-4. The first cohmm gives the Julian Ephemeris ward in time over a 6-year period to compute residuals
Date for the normal points: the second column gives the on all Mars radar data.
normal points themselves; the third column gives

tile assumed weight on the normal points, as computed Tile three solutions given in Table XXXII-5 show
from tile .Muhleman weighting model of Eq. (I). The good consistency in the values of all constants except
assumed instrumental error (r,, for all normal points for the relativity parameter 7. The determination of
before tile date of the loss of the overseas tracking sta- the mass of Mercury is of particular interest because
tions is 0.1 ,asec; after that date it is assumed equal to
0.:3 t_sec. These figures are probably too small at this it appears that the Mariner 9 normal points contain infer-
stage, but a factor of 3:1 is about right for tile relative mation about it. Although the solutions can not be taken

too seriously at this preliminaD' stage of the analysis, theweighting. The entire set of normal points can be
downweighted unifomlly to account for a large absolute computed standard deviation of about ±2500 (0.4%) on
crror, if desired, the inverse mass ratio is significant, if valid. Its valid-

it), will be checked by comparing it with similar solutions

Equatimis of condition have been formed for the 94 from tile MIT group. However, the uncertair, in the
mass of Jupiter is relatively larger and is not ,ci3. ificant.normal points given in Table XXXII-4, .and a set of nor-

real equations has been generated based on the weights Discussions of the current uncertaint,, in the nastes of
given in that table. The parameters are the same as those all principal planets have been given by Kow, levsky
used to construct the normal equations for the past radar (Ref. XXXII-20) and by Ash et al. (Ref. XXXII-2;).
and optical data (see Table XXXII-1). These normal

equations can now be used to obtain solutions for the The solutions for the corona parameters (B, e) are

relativity parameter -/. reasonable, although the convergence to the least-squares '
.1/') - --

estimates is nonlinear. Three iterations on values of the

F. Solutions for Constants and Relativity corona parameters, taken above, were required before !
Parameters the corrections to B and e were small enough (,_0.1 (r) to ,

conclude that a converged solution had been obtained. !

Three representative solutions are shown for subsets of The a priori values of all other parameters, except B and 'i

the parameters included in the normal equations for _, were well within the linear region of convergence. ,_ ,
!
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Table XXXII-4. Edited set of Mariner 9 normal points selected on the basis of one point per tracking pass I

Standard Standard
Jnli,u_ date ill

Juhan ,l.dc of Normal point rl,.x iation Normal point deviation
ohs_-rvatitm for wcilzht ohscrv.ition ft_r wcil_ht

i .2+112",'5f18411511.¢13:-_1o7 .8-5242I,'ffillL'%Slkl - Ill)9 .100 .24-t141)25528(1ll93'--0{1_ .1,93521736511445(i : Ill0 .3llO
.24-1127(';bhq57.%711--ll[17 .861ill{14t798q6-132-=0f19 .1()0 .24-t14095-t7.()3981--007 .199176552916768 :-01() .3llO

._-I ll_, ,.-__4.)_8_11 -007 .b;66449284264243- 00._) .1(:0 .2-141411)Z3821759--' 007 .19972945802681)5-(11(I .3(H)
]

.24112787[H42361-007 .hT5478541ISll_764-:-(Jl19 .IIW, .244142f)48335648_007 .21)773776738(IS,91--010 ,3i)0 t
I

1_, h___.l)3, -0l)7 .88334-i_t2- 7.t)7408--009 .100 .244144151)627315-:-007 .22298.t),t)83503683 - 010 ,301

.24 l1281{ifi6G:5981 -007 .8_.18-113571211731)7-:-'0liq .]0f) .24414435646fl648-'007 .2243899550{i4365-01(i .31)1

.2-t4128365974537 :-1107 ..913q757591i18295_-1)09 .lilt) .244144663127315:q107 .226442721527644 lilO .3{11
I

.2-141-28-1-12:3G3425--007 .q I .q.t)711854t)1)(1273-:-0 f19 Ill0 .24-1145650696759 _-(107 .23276-t0935311137 _' 010 .3()i

t ,2-1 l128[_fi,l.tL_2870-(107 .()37533649479()15 _ (Ill9 100 ,244146848474536--007 .23980221)2183434--010 .3l)l i
,21-112,b741668.()81 '--(107 ..q43621620()7656f)-LOl19 l{)0 ,244149046043981--[1()7 .250800761921585--010 .3112

.-441_,";,";fi4_.;';1_(_ • I,i7 .9533807-t4391295'--0(19 10l) .244149358613426--007 .252147654761528_-010 .3132

.2-II1_8.q(14238426 -007 ,.t)61374643f)02,t)58-'-009 l(i0 .2441-19722293980-1_07 .253645674797492 ',--010 .303

.244121)04(1974537--0[17 ,.t)(17528202522920_-[1(l!) 100 .244151118682870:-007 .258686015690602-'-010 .31)5

.2.1412916319675t.}_-1)1)7 .9773631136863365-0_}9 l()l) .244151616668981-'007 .26019598124[1918:-010 .307

.24-11293431)5786 L)--007 ..tLt)1,_)14784656633--01_9 1011 .244152021877314 +01)7 .261310978586218--010 .309i

.24-1120-1-15835648'--0f)7 .11)1)0271lt12182909-:-010 100 .24,1152943682870--007 .263470278882264'-,t-010 .316

.2-141295(_31`96751}_1il17 .1{)(I.t)84618561542-::()1() 100 .244153028335647--007 .263642228825379_010 .317

.24412.t)863474537 _ 1107 .1(}345145440.t)52(1 + 010 lll[) .244153-142918981 -- 01)7 .264418833q()9284 -- l)10 .323

.24412,%q6076G204-0[_7 .104255704855730+010 100 .244154036D.t3981 -:-007 .265335828110288+010 .340

.24 t130061)766204 -007 .105084791367076+010 101) .244154438474537+()07 .265825683708937+010 .362

.24413(11611i43981-'-007 .105918610195486-'.-010 I00 .244154627085648-',-007 .266018512503223 :-010 .377

.244130248960648_(R)7 .10(_65159374(1970-:-'010 100 .244154734585647+007 .266117.974644905+010 .388
.244131)360117175.9 -"007 .11i758l_482423178 '-:-010 100

.244154829238425+007 .266199295516850"010 .399
.24413(1650349537 -:-007 .110019825134447 +0lll 10f_

.244155040210647 + 007 .2663595.58355130 + 010 .43 l
.24-t 13(1759377315 -z-(107 . I 1(i94(1481662ll67 -F0 l(I 10(i

.244155125210647+007 .266415967927587-4'.-I)10 .448
.2441312.17224537 "-1)07 .115086.91,1002985 + 010 10[l

.244155339168981 +007 .266537307560370+010 .504
.24-I 131867363426 + I}[i7 .120416048360822+010 .100

.2441554281,96759+007 .266579110399086 +010 .535
.24413224.q307869 - 007 ,123729120034695 _l}10 .100

.24415553278(1091 + 007 .266621764431884 +0U) .57`9
.2-1413244722.t537 4-(107 .15-345-t6(|0865049 + 010 . I00

.244155624863426+007 .266653379376001 +010 .627
.2441325472245374-007 .126328541825055 +010 .100

.2441344701.11204+007 .143315784413338+010 .100 .244155727085648+007 .26668213670369.¢) -HHll ,693

.24413467222.1537+007 .145111129934851+010 .100 .244155843821759+007 .2667(16704361319+010 389

•244135072,t)18,981+007 .148673119321758+010 .100 .2441572°-_057870+0(}7 .266307731852884+010 1.929

.244135470141264+007 .15220532474f)234+010 .100 .244157345141203+007 .266214829231797+010 1.506

.244136172918981+007 .158.t.t70316400274-010 .100 .244157433821759+007 .266138361881723+010 1.273

.244134770488426+007 .145984422593102+010 .300 ,24415753875°._14+007 ,266041116528737+010 1.066

.244134872224537+007 ,146888749499433+010 .300 .244157734863425+007 .265839812087827+010 .809

.244135372918981+007 ,151340849005016+010 .300 .244157824030099..+007 .265739906459510+010 .728

.244139951530093+007 .19102,1643361692+010 .300 .244157935766203+007 .265607366745929+010 .648

.

i
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TableXXXII-5. Solutions I_

1 ltadar, optical Radar ( \h.rtury. \'t.ml, ),
Parameters Radar and _q_tkal ;-nd 3I,.:ri,w, q optical, and Mariner 9

Astronomical unit 149597893.0:5.6 1495.t)789ld5-----(I.9 149597891.6 :-7-2.1

Radius of Mercury 244(t.8 --5.6 24411.7_2.6 2439.2 _:2.7

Radivs of Venus 6050.7 7-3.3 131)51.4_1.4 6050.6 _1.4
,t

Radius of Mars 3394.6 _6.6 3,559.(I _2.0 --._

Invcrsc mass of Mercury 60224116.5=77572.2 5.t)83544.7 =2244.2 5.tJ,'54530.O=2569.6

i Inverse mass of Jopiter _'_ 1047.51 --0.10 --._1

B corm,a _a 11.:]25× 10" _--0.205 X 10" 0.237 × 10" 7-0.628 X 10"

c corona --,' --0.0(14 --0.089 --0.089 -'-0.27(I

p 5.2 -"3.2 --:' 2.4 _2,0

• 1, (Sun) 24.5 .": 10-:' --24.9 × 10-:' --.' 15.0 × 10-:' --22.9 × 10-"

I y 211 ----1.3 i.12 --0.05 1.02 -'-0.04

aNominal values o[ Table XXXI I-2 were used.

It is tempting to look at the solutions for -/ in Table 2.o _ _ _ _ _ , = |

XXXII-5 and to conclude that a unity value is indicated, i.s
I Solution $ yields a value of 1.02 --0.04. However, at

'i this stage of the data analysis, a strong objective reason i.o " - • -_
for preferring Solution :3 over Solution 2. which indi- " "" " I

cates -/= 1.12 =0.05, can not be found. The inconsis- 0.5 " • I

tency bct,vecn the ,'alucs of,/in Solutions 2 and :3 i._ _ _11,"_ :" " " :i ";" !viewed as an indication that something is wront_ with _ 0 • *" .... %.Oql • • •

the fits to the data, or tlaat either the spacecraft or radar _ . .,, " !
-0.5 * , + *

data, or both, contain systematic errors. Residuals for _. •

the 94 normal points are shown in Fig. XXXII-2 for _z -i.0
Solution 3.

-| ,5

G. Steady-StatePlasmaModel -2.0 •

" tThe least-squares solutions of Section XXXII-F contain -_.5 -.
the interplanetary plasma parameters B and _. Here,

a preliminary evahmtion of tim physical significance -3.0 t m I ,. I , I " 12441250 2441350 2441450 2441550 2441650
of one of the solutions for these parameters (Solution 2) JULIANFMPHEMERISDAlE
is attelnpted. It is important to remember that B and

were assumed to be ahnost perfectly correlated so FIg, XXXh-2. Solution 3 range resldualsforedited
set of Mariner 9 normal points. '*

that the electron density at the distance of Earth

from the Sun would be constrained to 5 ±5 electrons/ :_

cmL Also, no attempt has been made to estimate the parameters are essentially determining only one param-

parameter A from the normal points, because all of eter for the olasma model. It would be possible, for _,

the data used in the fit were taken suflleiently far example, to fix the value of e at its a priori value and "_

from the Sun that there is no real information on the solve for only the parameter B. Although a very rea- ::i

parameter A in the ,east-squares normal equations. In sonable fit to the normal points could be aehic'.rd this

: fact, because of the almost perfect correlation between way, the constlaint on the numbe," o_: electrons at the

B and _, the solutions in Section XXXII-F for the corona Earth's distance would almost,_urely be violated. There-
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{ore, for purposes Of evaluating the steady-state plaslna l0 T _ j j_
" O SUSPECTED BLUNDER POIN]'5

density at the timc of the Mariner 9 superior con- II

junction, it is far superior to solve for both paranwtcrs °
._ B and e. The fixing of tilt' parameter A at its a priori e I;

value in effect places an additmnal constraint on the [
plasnm model. Tilt, clcctron density in a rcgion very • [
near tlw limb of the Sun is determined ahnost cam- _ 6 [

pletcl.v I)v tilt, A tt,rm ill the corolla mode I Tiros, the _ !
interplanetary electron dcnsity is constrained to a value ,_ I
of 1.:3X 10" clcctrons/cm" at the limb of the Sun and _ 4 • [

; to 5 electrons/era _at the distance of Earth. In effect, the _ • I

l plasma model used in tile Mariner 9 data analysis is fixed
_ ®*

at two end points, hut it contains one degree of freedom. 2 ;
which can be nscd to best fit the normal points in the o ®

} region of interplanetary space probed by the Mariner 9 • " ". •
ranging signal, o " ° •;° °%i QO • • •

As a first step in the determination of a plasma model . ° " "a*--! o

, for tile Mariner 9 superior c_on[unction, an attempt was -2 i i i
made to evaluate the real coronal time delay for each 2441530 2_1550 2_570 2,¢_590 2_1610

nor:nal point in the region of superior conjunction. This JULIANEPHE/V_RISDATE
evaluation was accomplished by constructing a new set Fig.XXXll-3.Solarcoronal delay inMariner9 normal points.

I of equations of condition for the normal points, but
unlike those for the solutions of Section XXXII-F, the

-,j corona correction (&. in Eq. 6) was set equal to zero

when computiug residuals before tile fit. Normal equa-
tions were formed in tile usual manner, and a least-

squares fit to the uncorrected residuals was obtained. _.2 r _ ,
Tile

relativity paralneter -/ -rod the corona parameters B I
and e were not included in the solution. Thus, a value of 1.o -J
unity was assumed for 7, and tile best orbits of Earth
and Mars, consistent with the Einstein theory, were used a
to fit tile normal points and to obtain residuals after the

fit. Because no plasma corrections were applied to x
tim computed data, these residuals after the fit should 0.6 x

reflect tile real plasma delay, i{ the normal points are _ [ fl A x
×

valid. This is true because tile orbital elements of Earth __ o.4 fl ×
and Mars can not be adjusted to absorb a significant _ zx
portion of the coronal time d ' _ at superior conjunction. _ z_

0.2 /,zx A
A plot of the residuals after the fit is shown in Fig. q

XXXII-3. A time delay at superior coniunetion is clearly fl A
evident and, assuming that Einstein's general relativity fl x t,× A
theory is correct, the delay is caused solely by the passage -0.2

of tile S-band signal through tile solar corona. The curve x eRE-CONJUNCTION A

appears fairly symmetrical. This fact is more obvious if zxPOST-CONJUNCTION A
a plot of tile log of the residuals on both sides of con- -o.4 o SUSPECTEDBLUNDERPOINTS "_
junction is constructed as a function of tile log of the /
distance p of closest approach of the ray path to the Sun. -0"_ i i . _ .• 0.8 1.0 1,2 1.4 1.6

Such a plot is shown ill Fig. XXXII.4, where both the LOG, DISTANCE FROM THE SUN, solar radii

post-conjunction residuals and pre-eonjunetion residuals Fig.XXXII-4. Plotof the logof the residualsof the editedsetof
._ have been plotted. The pre-conjunetion and post-eonjune- Mariner9 normalpointsarou_dsuperiorconjunctionasa func-

tion residuals are eompletely cx)nsistent, and, for all lion of thelogof theclosestapproachofthe raypathto theSun.
, _ l|
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practical purposcs, they indicate that a symmetrical 71 I I
corona modcl is adequate for tile Mari)_er 9 analysis. The
four exceptional rcsiduals probably reveal blunder points

---- h_AKIN[R 0
that shonld be relnovcd from tilt' data sct. I/owever, --- _,A_IN[a7
because tilt' magnitudes of the actual residuals are small _.._i;,zz;- ---- NOMINAL

with respect to the standard deviation used in the weight.
lug scheme (see Tabic XXXII-4), a removal of these four 6

a points is difficult to justify.

i
i The best values of tilt' corona parameters A, B, and E

from the Mariner 9 data at the present tilne are given

l)y the a priori value of A and the values ofB and • from

t Solution 2. These values are 5

"i t'_EA = (1.30 ___0.9)× 10" elcctrons/cm.' ,_

B = (0.325 .+_0.205)× 10'; electrons/cm"

= - 0.004 ±0.089
7' 4_

The electron density that results from this Mariner 9 '_z

model is plotted in Fig. XXXII-5, along with the densi:/ o \
profiles from the superior conjunctions of Mariners 6 and

7 (Ref. XXXII-15). It can be seen that tim corona model 6
determined from all three spacecraft is similar, although o.
the Mariner 9 conjunction is scparated by about 28 months 3 _l
from the conjunctions of the two earlier Mariners. All
three corona models fall significantly below tim a priori k

model, which is also plotted in Fig. XXXII-5. \\\ \

As pointed out by Muhleman (Ref. XXXlI-6), the Y"_ \"\_., _

integrated electron density is a more fundamental quan- 2 _ \\\, ,tity for the evaluation of the model of the solar corona.

It is directly proportional to the measured ffme delay,
and it can be computed by integrating the electron
density given by Eq. (2) along a radial direction from
the Sun between a point at distance ro to a point at the
Earth's distance. A plot of this integrated density as a t I

function of the heliocentric distance ro is shown in Fig. 1 2
XXXII-6. Three representative points from a profile LOG,01STA_EFROMT,ESUN,SOLA_RAO,
determined by eclipse observation (Ref. XXXII-22) are Fig. XXXli-5.Electron density curves from Mariner 9 compared
also shown on this plot for comparison purposes. Also with those from Mariner 6, Mariner 7, and the standard corona
shown is a direct measurement by tlm dual-frequency model.
technique of the integrated density between the Earth
and Mariner 4, when it was near Venus (Ref. XXXII-
23), and a dual-frequency radar measurement to the

surface of Venus (Ref. XXXII-24). The Mariner 9 curve plasma models do not decrease rapidly enough in a
is in excellent agreement with the eclipse observations, region beyond 0.7 AU. However, because the total plasma
These observations are affected by the integrated plasma delay (_-,0.03 _ec) t0r an integrated electron density
relatively near the Sun, and this is the region where the of 10_4electrons/cm" is less than the instrumental error

plasma model must fit the Mariner 9 data as well. The in the ranging system (_0.1 _ec), a deficiency in the
values of the directly determined integrated densities model at distances far from the Sun is unimportant to
between Earth and Venus indicate that the spacecraft the analysis of the Mariner 9 data.

I
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18 I , or the el;Iwmcrides. Also. topographic noise is distin- "_
._uishable from other noise sources lwcause it is SOUW-

_M_,N_RS thing that does not exist ill tilt' spacccraft data. In
MARINER 7

-_ MARINER9 principle, it could also be eliminated from tilt' radar

-- NOMINAL / data. if all measurements wcw made to exactly the same I]_

z_ __ spot on the planet, a!thou_h, this would severE'h" limit the,7 size of the data set. In tile 1971 .Mars opposition data. Ji
i there arc a few radar measurements which art, signifi- l_
! canth" separated in time and whieh tart' referred to j!

'_E approximately the same location on the planet. By usin_ I
"_ . ,

, _ these pairs ot points (elo.surc poiutsL it is possil)lc to
i _ greatly reduce tile topographic noise on the points. It

t _ _6 should then be possibh, to examine the residual.'; in the
, m closure points and to attribute any systematic effects ini z
, _ the residuals to errors in the ephemerides. \Vith n,spcct toz
• _ the Mariner 9 relativity experiment, the analysis of

u x closure points should provide an excellent method for
1 _ evaluatin_ the accuracy of the Earth-Mars orbits and¢5 '-

• l ._ _5 for determining the consistency of the fits to the normal
points and the radar data, when both data types art' ,I-- * ,

z__ included in the solutions.

o . Some experimentation with a closure analysis has
been performed as a part of the relativity test. This

_4 q (,xperimentation is in a preliminary state and is
,11

o\_\ reported here primarily for purposes of colnpleteness.
Plans are to develop the method more fully in the future
and to apply it to all solutions that combine spacemaft

and radar data. The experimentation to date will be
described by means of examples.

131 I I

0 _ 2 3 A listing of 13 pairs of closure points from the 1971
LOG,, DISTANCE FROM THE SUNs SOLAR RADII

opposition is given in Table XXXII-6. Absolute locations
Fig.XXXlI-6. IntegratedelectrondensitycurvesfromMariner9 of tile points may be dout)tful because of errors in the

compared with those from Mariner 6, Mariner 7, and the ephemerides. Locations of individual points can differstandardcoronamodel.Three profilepoints(0) of Blackwell
are plotted. The x represents a Mariner 4 two-frequency by 12 kill, depending on whether they are computed
measurementnearVenus,andthe o representsa two-frequency with DE 80 or DE 82, but relative positions of closure

radarmeasurementto Venus(Refs.XXXlI-22,throughXXXII-24). points (lifter by less than 1 kin. Also included in Table
XXXII-6 are residuals from the three solutions of this

H. Closure Analysis report. The difference between the residuals for each
closure point is divided by the interval of time between

In all solutions that combine the normal points from the two radar measurements, and this result is also tabu-
Mariaer 9 with past radar data, it is important to check latcd as a range-rate error in microseconds/day. The
for consistency betaveen the two data sets. The normal first solution of the table is that of Section XXXII-D to

points provide tracking to the center of Mars, while the the past radar and optical data. The second is Solution 2
radar signals, which are reflected from various locations in which both tile Mars radar and tile normal points are
on the surface, will be at a different distance or radius in the fit; the third is Solution 3 in which the Mars

from the center of the planet; and noise will be intro- radar is left out of the fit. This last tabulation is parti-
dnced into the radar residuals, even if tbe orbits of the cularly interesting because it indicates how well the

Earth and Mars are accurately known. This type of noise ephemeris produced by the Mariner 9 normal points can
is called "topographic noise" to distinguish it from predict the Mars radar data not in the fit. The solution
other error sources such as tile instrumental equipment reported here (Solution 8) does this, but some other
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reasonable fits to the normal points tail the closure' XXXII-9. Tile crror appears snmll in all three cases (0.1 1

test l)y as liiUCll as 120 , :,('C.At tile present tilnc, studv #_sec/day_- 017 ll/in/st't'), althou}_h tilt' ran_c-ratc rcsi- lit'ontinut's to d(.t(,rnaint' vthv SOllIC sohltions lack elosur(,, duals :.if't, ll(,;llt,l" to zol'o ill th(" two solutions when tilt, /

Wilt'l't'aS otlwrs acilit've it casily. About all that C;lll lit' Mariner 9 (iltt;l lift' iis('d tlll.m ill tilt' solution witll radar ti

• (lone until die l'C;lSOllS art' {Otllld is tt) rej(,('t solutions alld optical data alone. !!lthat fail closure ;llltt tentativeh' accept those that paa._.

"t To study tilt, cphclnc'ris tTror iu Sohltion :3 in inorc

l To intcrprt't tilt' lack of closure in tile three SOhltions detail, it quadratic' fit to tile l'angt'-rate orrors of Fig.

! of Table XX,\'II-6, tl,e diltcrcnco in tilt, closure residuals XXXll-.tJ has I)cen pcrforlncd. Tllo {_tsatisfies tilt, criterion
dividcd by tilt' tinw interval is assuiued e(lual to tilt, of weighted k'ast s(luart's, wllcrcin tile sta:ldard devia-

ill the tit time midv,'ay tions for thv weights have been computed by dividin_1.dn_t,-rato cpilt, lnt,ris('lrof a

! bt,tweeu tilt" two times of observation. Tilt, result is an arbitrary proportion of the 7co_raphic separation of
t plotted for tilt' tint'c solutions ill Fi_s. XXXll-7 throuTil tilt, l)oints by tile tilnt, interval l)otwccll tilt'Ill. Tluls.

1

Table XXXII-6. Closure points, radar residuals, and ephemeris error in range rate for three solutions

lqvsidu,lI It,:m_e- Rcsidual Range- Range-
TilllO of Latitude, LollKihlde, Solution 1. - Rcsiduai

observation, rate Solution o rate Solution 3, rate •

JED deg deg (past data). /*set/day usee -' error, tzsec error, !"
_see " usec/da.v _sec/day

2.141122.89584 --17.885 286.871 15.17 0.1}20 --40.68 0.067 --124.66 --0.087

2441235.74793 --18.(134 287.071 17.44 --33.17 --134.42

24,11129.01946 --17.797 274.251 4.14 0.050 --49.00 0.073 --136.52 --0.055

°441235.71112 --18.028 274.170 to.a,, --41.18 --142.43

2441129.03196 --17.796 278.635 9.01 0.055 --44.13 0.079 --131.64 --0.050

2441235.72432 -- 18,030 278.795 14.90 --35.71 -- 136.96

244t 129.07015 --17.795 292.029 14.18 0.048 --38.93 0.071 --126.47 --0.057

24.11235.76182 -- 18,()36 29i.940 19.28 --31.3c "_ --132.58

2441155,9-t654 --16.127 2.144 15.81 0.169 --26,77 0.031 --126.45 0.039

2441221,58751 -- 15.965 2.387 26.89 -- 24.74 -- 123.89

2441155.9840.1 --16.124 15.278 21.61 0.161) --20.'36 (}.022 --12(I.66 0.030

2+t 1221.62362 -- 15.970 15.050 32.12 -- 19.51 -- 118.67

2441173.83196 --14.554 161.872 11.7_, 0.205 --29.53 --0.055 --131.64 0.039

2441207.67362 --14.467 161.845 18.71 --31.38 --130.31

2441170.85765 -- 14.789 197.439 18.61 0.159 -- 22.4:), -- 0.082 -- 124.49 -- O.O01

2441210.85348 -14.744 197.457 24.98 --25.70 --124.51

2441173.95696 -- 14,545 205.766 0.94 0.213 --40.38 - :).047 -- 142.49 0.047

2441207.79932 -- 14,477 205.946 8.15 --41.97 -- 140.89

2441173.76946 --14.559 139,925 --2,43 0,198 --43.73 --0.955 --145.84 0.034

2441210,68959 --14.729 139.962 4.89 --45.76 --144.58

2441173.77918 --14.558 143.339 3.01 0.209 --38.29 --0.044 --140.40 0.045

2441210.69932 --14,730 143.372 10.73 --39.93 --138.74

2441176.87709 -- 14.338 151.184 5.72 0.261 " -36,04 --0.009 -- 138.07 0.092

2441207.64307 -14.464 151.125 13.76 --36.33 ,_, --135,25 '

2441176,94932 -14.333 176.545 -0.42 0.308 -42.18 O. '_.y -- 144,21 0.138

2441207.71598 - 14.470 176.708 9.06 --41.04 -- 139.97

"<" :it
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and which are s_'paratcd by a large time interval r(.c_,ivt,
0.4 the highest weights in determining the range-rate CTl'or

o _ ill tile ephemeris.
!

o I The fit to the range-rate crror._ of Solution :3 is shmvn:1.

.: o.2 6) O -1 in Fig. XXXII-9, and the corresponding, ol)'nomial for
o the range-rate error 8_ ill the epheme,, is given by

0.1-

_ (_scc/day) = - 1.4379 + (6.169 × 10-:') r
0 O I I __ i I

2_1180 2*m_ 2,4_19o 2*rags + (7.710 × 10-") r_- (i0)
JULIAN EPHEMERIS DATE

Fig. XXXll-7. Range-rate error in the Earth-Mars ephemeris as wher(' r = JED - 2441000.0. This error curve call be

deduced from a closure analysis on Mars radar residuals from a integrated and an expression for the error in the distance
fit to past radar and optical data only. to Mars can be obtained. The result is

_r (_sec) = 8r,, - 1.4379 r + (3.084 × 10-:') r'-'

+ (9_.570x 1_0-_)_-' (li)
0.3 t I I I

Now. if any residual from Solution 8 for tile 1971

0.2 opposition data is subtracted from this polynomial for
g" _r, the result, except for tim unknowll, constant Br.,,

o.1 should represent a determination of the distance fromo O_
.c t5 o the center of Mars to the subradar point c:Jits surface.

0 o Thus, by using closure points to find the r-" ,., :-rate error
O 8 in the Earth-Mars ephemeris produced by Solution 3,-0.1 I , I I o I

2_n80 2_n_ 244119o 244119s it is possible, over the region of the 1971 opposition data.
JULIANEPHEMERISDAn to remove this ephemeris error from the radar residuals

and to interpret the resulting corrected residuals in terms
Fig. XXXII-8. Range-rate error in the Earth-Mars ephemeris as of topographic heights above a reference sphere. Suchdeduced from a closure analysis on Mars radar residuals from
a fit to both Mariner 9 and pas'_ radar and optica _.data. heights for all radar observations that cemprise the

13 closure points are shown in Table XXXII-7. The first
column gives the time of observation, the second tile
uncorrected residual from Solutien 8, and the thLJ

gives the difference between the polynomial of Eq. (14)

o.4 i _ [, ,r t ] and the residual for each point. The constant in Equa.

tion (14) has arbitrarily been set equal to 4.870/_sec so

0.3 : that the mean of all the resulting heights for the 26/
observations of the closure points is equal to zero. The

_" 0.2 heights are given in meters, where a u_.;t conversion of-2
._ o 1 /_sec = 149.9 m has been applied to the difference of

.: 0.1 9 _..B/_._ the polynomial and the residual.,, 0 _ If it were possible to remove the ephemeris error

I completely from the radar residuals, if the two subradar-o.I ----o"i"-" I I I
2_l_eo _l_ _l_o _lgs points of each closure point were exactly coincident,

,UUANE_MER_S0A_ and, if the errors in the radar range measurements were
zero, then the heights for the two subradar points would

Fig. XXXlI.9.Range-rate error in the Earth-Marsephemeris as agree exactly. The failure of an exact agreement indeduced from a closure analysis on Mars radar residuals from a
fit to Mariner9 andpastdata,butwiththe Mars radardata left Table XXXII-7 indicates that one or more of these
outof the fit. A quadraticfi_to the errorpointsis shown, conditions is not being satisfied. It is known that the
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Table XXXII-7. Residuals for closure points referred to a reference and an estinmte of the standard ,Jevi;'tion is 205 m. _,
spherewithephemeris range-rateerror removed Thus, the error in a radar ranu, e m('asurement n('v(led ._

to produce tilt, discrepancies of Table XXXII-7 is _'

"lime of Residual -'-145 m, or ±0.97 /Jst'c. Actually precision (.,f a tad,.. (

obscrv,ttim_. Sulution 3, tlei_ht, m .ll_,m Ineastnemel'=t is closer to 0.1 pse(.: the error of ___145 m

." Jt.'l'_ ,_,,c is probably caused by the topography. !
f

i \Vhatex ¢ r the source of the m'ror in the closure analysis.
2441 1-92.89584 124.66 627 184

'-, 2441235.74793 - 134.4° 811

i- -_ 2441129.019-t6 -136.52 !910 100 an accurate set of heights can be obtained by avera_-

_ ir, g each pair of values for the two subradar points. The2441235.71112 -- 14_.43 2_HO

"i 2441129.03196 -131.64 1178 12 13 results are given in Table XXXII-8, wherein tilt' lat!-"-¢ 2441235.72432 -136.96 1190 tudes and longit,tdes art' average values for the two
I "i subradar points of each pair. An estimate of the accuracy

. ,_ 2441129.07o15 - 126.47 400 137
of these heights can be obtained by dividing the estimatei"b "l 2441235.76182 -- 132.58 537

{ 2441155.94654 -126.45 -1222 --343 of d_e standard deviation in the values of ._xhby two. ,• _ i How-
! 2441221.58751 --1"9_,3.89 -1565 Thus, the height_ sho,dd be accurate to __ 03 m.

2441155.98.t04 -120.f'_ -2091 --255 ever, it is important to note that these heights represent

2441221.62362 -118.67 --2346 distances above a reference sphere of unknown radius.

2441173.83196 -131.64 -10(_9 -97 Tim accuracy of the absolute distance to points on the

2441207.67362 -130.31 -111}6 surface of .Mars is limited by an uncertainty" in the mean

2441170.85765 -124.',B -21116 132 radius of the planet. This limit is at least an order of

2441210.85348 -124.5t -1884 magnitude larger than the error in the relative heights.

2441173.9rf596 - 142.49 (;15 -- 132

2441207.79932 -140.89 483 Table XXXII-8. Average latitude, longitude, and _.leight above a
2441173.7694,; -- 145.84 1121 - 3 reference sphere for 13 closure points. (Latitude and longitude
2441210.68959 --144.58 1118 are accurate to +--0.2% Standard longitude error in heights

2441173.77918 - 140.40 306 -63 is ± 103 m.)

24 '.1210.69932 - 138.74 243

2441176.87709 - 138.07 -99 - 268 Latitude, deg Longitude, dog Height. m

2,441207.64307 - !35.25 -367

2441176.94932 - 144.21 820 -477 - 17.960 286 971 719
-17.913 274.211 1960

2441207.71598 - 139.97 343
- 17.913 278.715 1184
- 17.916 291.985 469

-- 16.046 2.266 -- 1394

two subradar points are separated on the average by -16.o47 15.164 -2219

about 12 kin, which in itself could explain the disagree- -14.51l 161.8.59 -1058

ments tabulated in column 4 of Tab!e XXXII-7. Average -14.767 197 448 -19 "_
slopes in terrain of about 1.7% • ould be suflqcient to - 14.511 205.856 549
explain these disagreements. However, if they are caused - 14.644 t39. c _4 I 120
by errors il) measurement, then the standard deviation -- 14.644 143.356 275

in a single radar observation can be found by dividing -14.401 151.155 -233
the estimate of the standard deviation on the value_

- 14.402 176.627 582
of .Wt by 2'% The mean of the values of ah is -82.5 m,

i
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XXXIil. Time=Delay Test of General Relativity and Earth-Mars
Ephemeris Improvement From Analysis of Mariner 9

Tracking Data: A Status Report
Irwin I. Shapiro and Robert D. Reasenberg

Department of Earth and Planetary Sciences
Massachusetts Institute of Technology. Cambridge, Massachusetts 02139

Mariner 9 has offered file opportunity to perform the predicted excess "'delays" ot tile Brans-Dicke theory

most stringent h-st of the fundamental theory of gravity are about 6% less than for general relativity. The dis-

in over 100 years, t With the ranging _ystem (see Section tinctiou betaveen the two theories is of far-reaching

XXIX of this Report) capable of a 0.1-.o_sec precision in importance [or the correct understanding of numerous
the measurement of round-trip time delays between; astrophysical phenomena, ranging from the origin of

tht' tracking station m;d the spact'cra[t, it appeared that the universe to the evolution of Earth. The prime goal

the predicted incr,.ase near superior conjunction of about of our efforts, therefore, has been directed toward the

200 !tsec in these delays, = attributable directly to the achievement of this discrimination.

Sun's gravity field, could be observed with an uncertainty
of no more than about 1%. At this level o[ accuracy, the Secondary goals include the improvement of the cphem-

test performed by ,Mariner 9 could provide conclusive eridcs of Earth and Mars. This improvement is important

discrimination between the predictions of Einstein's purely for several reasons:

tensor theory of gravity and those of the scalar-tensor

Brans-Dicke theory when the fraction of scalar-field ad- - (1) Because of the differences between the secular
mixture in the latter is set in accord with the Princeton effects on planetary orbits caused by relativity

solar oblateness experiment: For the ti,nc-delay test, the and those caused by the second harmonic of the
Sun's gravity field, we will eventually be able

to separate the contributions and, hence, to test

Iwi. re[t,r here rally to "'lion-mill'" experiments, stringently the relativistic prediction.," of planetary
:This "fourth test" experiment was first proposed hy I. I. Shapiro motion and to detcrmine an accurate value for

• xxl., I !nael;,'ndrnt calculations, based on Shapiro's(Ref. X'" " }.
perso,al communication of dais proposal, were conducted by D.O. the second harmonic, or equatorial bulge, of the
Muhleman and P. Reichley (ReL XX,MII-2). solar gravity field.
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_2) bpac_'cr.dtn,t_-i_,di_m l_r_bh'm_ will he c;_scd .sub- trip _roup delay t_)the .xpaeccr,tft. tht" indi_ idu,d mcm- _1
st,mti,dh thr-u_h m-r,- prccist, l,cation ,ff thc DSN twrs of tht. st.t do not yield indclwudent v,ducs of tht. m

trackiw_' stati,m_ sxith resp,.tt t_ the plam't,tr) Earth-.k'ar.s l_st'udo ohst'rvable. The rc,,._mt is simple: _,L
system: such i,:,provcd pr,'cisiou tlm's, ot cm_rse. Tlw m_certaintit.-s in the latter quantities arc dut. Fri-
tlt.i_t.nd <n_COmlhU,dJlc i,,q_rLrcc--;'-',t :.::t]'.'.' el._b.em- marilv to tlm._e in the dt.termmation _ff the spact.craft
cridcs, orhit and ht'nct, are highly currclated. Examples are 1_,

_ix'cn helow.
::_t C4_rrcct int prt.tati_m of the Mars radar r,m_-

in_ data iu terms of t_qm_raphy with respt't.t to Wt. hart. not vet rcc_'ivcd ,my l)opph.r data from
the center of mass of XI,u's will be ensured hv the tracking4 pt.ri_ds after early JUlle 197:2. Con,;equently. wt.

•_ dt.vclopmcnt of accurah" orhits of Earth and Mars hax e not been able to check dir,', tlv to determine the
from the Mariner 9 data.

sensitivity of the p,;t.u(l_, _)l_scrvables obtained m,ar

.superior conjunction b) untertaintic.s iu the _ravity field
i Our progress ttJxx,trd tht'.,,e _oals is (h'scribt.d m thc _ff Mars, to variatitms in the coromd plasma, to hoist,

; ._ubsequent par-_raphs, and "'drop-outs'" in the Doppler data. etc. Wt. did do
some limited sensitivity studies, however, for pseuth_
observables from early in the mission fi_r which we had

A. Oata Set and Sensitivity Tests
Doppler data. Specifically, we took the Dopph'r data .

: All -f our ,malyses to date of the .'tl,trincr 9 data fr_m_ almut 8.5 hr UT on November 16, 1971, to ahout ,
have l_,,'en 1.);_.sedon tht" so-called pseudo time-delay 20.5 hr on Novem!','r _, 1971 (15 revolutions) and, usin-_
observabl_'s ¢'normal Foims"_ provkttxl to us by the anei_hth-deg-ee, eighth-order preliminary ,.t,ravity model.

JPL co-im'csti_zat_rs of the ct'lestial mechanics expt.ri- gem'rated in part from simultaneous analysis of two
mcnt lst,t. St'etiml XXX ,_f this Report). Each such observ- scp,,rated spans of 19days of Doppler data each. we soh','d
able represent_ the round-trip time. at a _iven UTC for the initial conditions of the spacecraft's orbit with
epoch, of a hypothetic,d light -i_nal transmitted from respect to .Mar.,. Based on this solution, we ¢_tl-..ulated.
the center of the _assumed transparent) Earth. reth'cted for a set of points uniformly spaced in time. the rmmd-
front the center of mass of the (assumed transparent) trip time equivalent of the projection of the spacecraft's
.Mars, mid received a_ain at Eartil"s center of mass. Both position vector (with respect to the center of mass of

Earth and .Mars are assumed to remain at the positions Mars) alon_ the Earth-Mars line. \Ve then repeated the
they occupy at the coordinate-time epoch correspondin_ entire procedure using only a three-revolution arc of
to the _iven UTC epoch, for the duration of the round- Deppier data. extending fi'om about 8.5 hr LIT on
trip travel of the light signal. The pseudo ohserval)h's, November 19, to about "90.8 hr U'I on November 20.
derived from each independent _cquisition of the rang- In this manner we xv_ -- able to test the sensitivity of an
in_ si_;nal from orbit insertion on November 13, 1971 Earth-.\k;_ delay n.., ',ucnt. inferred from Mariner
_t.'T} to October 11, 1972, fall naturally into three groups. 9 ranging data. to tl., ,_it determined from "nested"

The first, comprisint_ data obtained durin-_ the first 2 spans of Doppler d;',ta. Several iterations of the liuearized
months followin_ orbit insertion, were obtained on a weig!_tcd-least-squares estimation algorithm, including a

fairly regular basis at h,ast several times weekly, with re-integration of the variational -'quations ',partial deriva-
one or at most two separate acquisitions each day. Be- tires), were carried out to ensure convergence. A sample
cause .Mars was at a distance of only al)out 1 AU during of the differences in the inferred round-trip delays from

this period, the signal-to-noise ratios were large and the the two spans are shown in Fig. XXXIII-1 for apl)roxi-
resultant delays of high precision (see Section XXIX of mately taro of the "eomnaon" orbital revolutions. "ti,;'
this Report). The second group, spanning the period from differences vary most rapidly near periapsis and reach
late January to late June 1972, contains few delays, most values as high as 1 osec, about an order of magnitude :
of which art' of lower quality. The final group contains larger than the inherent precision of the ranging system.
the July through October 1972 data. These points art, The average difference is seen to be about 0.5 t_,sec.
well distributed in time, except for occasional gaps of Thus, at least for couditions of high signal-to-noise ratio,
1 wcck to 10 days. The data from the first group were with minimal propagatioa-med_um effects, the main iimi.

obtained at DSS 12 and the remainder at DSS 14, On ration on the accuracy of the inference of Earth-.X, lars i
some passes near superior conjunction as many as 25 time delays appears to be set by the uncertainty in the
st.patittt _ acquisitions were obtained. Although each _uch determination of the spacecraft's orbit about .Mars. The
acquisition yields an independent measurement of round- proper apportionment of this uncertainty among the vari- l

!
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E l'Xl ! 1 V- _ Table XXXIII-1. Summary of Mariner 9 and radar data J

_> l.o 0°o 0 --! "1"3pc "l'argct Xmnhcr of
" 0 i ,.ihwrv,di.n_ Interval eovcred

? _ I o Oo
---t

_ 0.S o 0 u 0 0 i 31ari_wr9 Xlar_ 1143 No_cmlwr 17. lqTl.to

0 0 0 o 0 p_cud,i Octuhur 11. 19725 _ o o
o.6 --' dc|av__- 0 0 i .

C O0 i . ,_.:< _ O O O Radar .Mercurx - '_ l-qfi6 to 197:?.

; > _ 0._ O -_ lime li
o o o II=O 0 'x

i _ oO P
._ _ 0.2 -- iuid

i I)opDIcr Vt'ltUX 1073 l.tJO(i t_l l.tJ72l_ :_[j _{; F{)IAPSE PEa'lAP5;. i l
; E i i 1 _llitts" it
i c 0 ' I0 '2 90 2z 00 Mars :2688 1.q67 t- 197 "_ It

lIME, k, l
i

"LT|it+__cdata w_.rl, ii!ildlllt,d ll.irtly" ,it thl' Haystack Oliserv.ltnLv ]
Fig. XXXIII-I. Comparison of reduction of spacecraft ranging and partly at the.Arecilm OhservaloO'.

t data from November 1971 to equivalent Earth-Mars _ime delays ifrom three- and fifteen-revolution state-vector solutions.

!
.', in orbit detcrlnination. The distrihution of tile obscrva-

otis contributin7 factors tTravity ficld, non-_ravitational tions over the relative orbital positions of tilt" planets

forces, etc.I is by no means clear, but is under intenst' involved is far more important. For examph,, the number
study. L'nlcss such apportionment is well undcrstefld, it of separatt. Mars radar obst'r"::_:,>:-__F_:!-._:._,l,,_six'e, but
will not be possible to place reliable error bounds on the in reality they arc very closely bunched in tintc: On the
results of the analyses of the inferred Earth-Mars delays, average, each day's observations yield about 80 delay

vahies and the days of observation art, all chlstered

hi addition to the Mariner 9 pseudo observal)h's, we aroulld .Martian oppositions. By cxmtrast, the radar obser-
also have the tilnc-delay nleasurcnlcnts obtained from rations of .Mercury"and Venus, useful for the detennina-
radar rall_ili_ observations of Mars. L-se o1: tllese radar tion of Earth's orbit, are spread nltlC}l inore tmifornlly

data is indispensabl(, to the proper :lnai)'sis of tile Mariner over tilt, relative orbital confiTurations with no gaps
9 data: The arc over which the latter data extend is lon_er than 1 or a months for the past 6 years. For

too short compared with .Mars" orbital period to allow observations of these plancts, it was su|[icient to have

an adequate separation of the direct relativistic contri- only one or two dcll,y vahlcs for a given day because
butiop, to the delay from the Earth-Mars orbital contri- of the much slower rotation and the nmre muted tope-
button. The optical observations accumulated over the graphic variations on these planets thau on Mars. Oae
past :2 centuries provide the basis both for thc outer- more point should be,_ : Although the rapid spin
planet orbits, necessal 3" to compute the pertorbations on of .Mars is helpfiil in the separation of topographic from
the orbits of Earth and .Mars," and for the motion of orbital effects on the delay data, the high (_ 04°) incli-

Earth about its center of mass, primarily precession, nation of Mars" equator to its orbital plane, and our

nutation, polar motion, and Earth-rotation variations, present inability to obtain useful data tlmmRhout a
But, as for their direct use i; the determination of, for synodic period, make the time scale for obtaining widely

example, the astronomical unit and the orbits of Earth sepa, ated "closure" points (i.e., observations of the same
and .Mars. the optical observations are completely out- topographic location from different relative orbital posl-
classed by the radar measure,nents, lions) for all latitudes approach a decade in extent.

Mercury and Venus are more cooperative in this respect.

The set of Mariner 9 pseudo observables and the set

of radar data used in our analyses are described in B. Data Analysis
Table XXXIlI-I. It is important to note that tile nunlber
Of observations is not a reliable indicator of useflJlness Tile data analysis was divided into two stage- In the ]

first, only the Mariner 9 pseudo observables were used

SFor this purpose, aswell as others, the orbits of the inner planets directly in order to investigate tile suspected presence
are better detemlined from past radar oh.servations of these bodies. Of various systematic errors. Those parameters of the 7tt +
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overall dynamical sx'st¢'m to which the '_tariner 9 data direct relativistic clfcct of solar gravit) oil travel time,
were rel,ttivcly Ic._._sensitive were fixed "n accord with .xt. w.ts assumed to obey: _ c

the results from previous analyses of the radar data. in

the scc,md sta_,',,f the analysis, co,nbi,,c3 radar and Or. ( r°" " r'' BI "1.'tl.riner .9 data sets were employed. 2xt = _ (1 --' 7) In . (1)c r. r,,, - B.

If our theoretical models were su[ficit'ntlv well devel- where r,,_ GM-,/c-' _ 1.5 km is the _ravitational radiu.s

opcd so that the resultant errors were truly unbiased, of the Sun, c the speed of light, r, the heliocentric dis-
: independeut _aussian random variables, the processing tancc of Earth, r,,. the heliocentric distance of Mars, and
: of the data to extract their scientific content would 1)e B the Earth-.Mars distance: 7, tile Eddington-Robertson
-, very straightforward in principle, if arduous in practice, parameter from the geueral;zed Sehwarzschild metric ,

But tilt, dynamical system involved is immensely corn- (Refs. XXXIII-5 and XXXIII-6). x,as assumed to be

plicatt.d and it is not possibh, at present to dt'velt)p uuit3", the x'alue given by general relativity. The solar t
adequate theoretical models. Thus. our model for the corona was represented hv an electron-deusity function

; .Mars ,zravity field introduces, in effect, poorly specified that decreased inversely with the square of the distance
c_rrelated non-gaussian noise. In our analysis we attempt from the Sun's c_'nter. The electron density was nor-

I to st't accurate hounds on the elfects of lhese model to a atrealized value of 7 electrons (.,ill-'t the distance of

,_ deficiencie_ on tilt" e_timates of the physical parameters Earth's orbit. This model is, of course, a gross oversimpli- ;
of interest. It is a nontrivial task. In fact even the fication of tlw corona, which is wch known to Iw hiehly

approach to take is not obvious. In the followinc_ dis- variable with time. Thus. pulsar measurements (Refs.
cussions we adopted what has lwcmne the conventional XXXIII-7 and XXXIII-8) of tile electron density inte._ratedJ
technique in such matters: it might be dul)l)ed "cut and along the line of sight through the corona show very large
try." Through careful comparison of myriad ctmaputer variations from day to day and from year to year. Radio
solutions, iv which relative data weights are varied, interferometric ob._t.rvations of quasars near solar oceulta-
different subsets of parameters are estimated, different tion (Ref. XXXIII-9) and the Mariner 9 DRVID data
parametcrized models for imperfectly known physical (Ref. XXXIII-10; see Section XXXV of this Report) also
effects tart, used, etc.. xxe try to fenet out tht, sources, show substantial variability on ahnost all time scales.

and approximate magnitude and effect, of the systematic

errors. Even when one is attempting to estimate a param- Representative samples of the postfit residuals from
eter associated with a periodic effect on the observables, each of the three groups of pseudo-delay obserxables,
the task is more subtle than miRht at first appear: with discussed in Section XXXIlI-A, for the above-described

a necessarily finite data span that is not greatly in excess sohttion are shown in Fig. XXXIII-2. Svstematie errors
of all relevant periodicities affecting the data, results are evi?ent in each grout). It is tempting to weed out
can be obtained for which the formal standard errors, the "discordant" values from the first two groups. But

based on postfit residuals, seriously underestimate the unless inspection of the details of the ranging observation
true uncertainty. Previous studies (unpublished) showed or of the reduction to a pseudo-delay observable dis-
that, for example, the topography on Venus, if ignored, closes unusual errors, such a weeding process could lead
can cause a change in the least-squares estimate of the to self-consistent, but erroneous results.
Earth-Moon mass ratio of about 10 times its formal

uncertainty, despite the wide disparity (a factor of 6) In the third group, several different characteristics
between the Moon's orbital period and Venus' spin period stand out. For most days not too close to superior con-
as viewed from Earth. Armchair philosophy aside, we junction, in which multiple .,:-quisitions were made, one
proceed to a description of the results, sees a clear systematic trend to the residuals. As the

spread for some pas es reaches as high as 10 t_sec, almost
1. Mariner 9 Pseudo Observables two orders of magnitude larger than the random error

associated with a delay measurement from a typical

Treating all Mariner 9 pseudo-delay observables acquisition, it is obvious that these separate acquisitions,
equally and omitting none, we solved for corrections to after conversion to pseudo observables, can not be con-
the most relevant of the orbital parameters of Earth and

Mars: the semi-major axis, eccentricity, argument of 4This convenient form for the delay was first derived by M. J.
perihelion, and initial mean anomaly of the latter; and Tausner (Ref. XXXIII-3), and independently by D. Holdridge
the semi-major axis and eccentricity of the former. The (Ref. XXXIII-4).

a
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:ddvr_,d as imh,pendcnt measm'ements. The causvs for _ravity model was usvd to dt.i_,rmin<, the H)accc,r.il
the s.vstematic trt'nds arc probably due in part to the orbit, and e_pvcially if only a ._iwzh,o,bit x_as dct_.rmined
iudirect vfft'ct> of the pla.sma on the spacecraft orbit from the Dopph.r data that ._panncd th,se daxs. Thus.

dr'termination h-ran the Doppler data tst'e Sections XN.k tht, assunlption, made ill our d,tta pl't)t_t'.',sill_ pro_r,t,u_,
and XXXt of this ih'p,tt).Carcful study is required t, that tilt' obscrvablcs hart- indcp,'udent. _aussianl.x di_-
t.valu,ttv this possibility, tributt,d errors is c'lcarlv erroneous. To eompt.nsate p,u'-

, tiallv for this poor assumption, without modification of

On .',cvcr,tl d,Lxs, for example July 30, tilt, same space- the measurt'ment hoist, moment matrix, we chest, for
: craft ran_in_ data wt'rc red-tct,d to pst'udo obst.rval;les most of the numerical experiments onlx a .,bible pseudo

i in two diffcl'cnt ways caeh imohin,_ :t different span obst,rvatfle h'onl e,tch set of data obtanlcd on a _ix'cn pas_
, of Dopplcr trackin_ data Isee Sl'ction XXX of this Re- i,e., ri_t'-to-st't of .Uurincr ,9 as viewed from Goklstont.,

port_. The resultin_ postfit residuals in Fi,_. XXXlll-2 Bt'cause the residuals from tilt, independent acqui-
i split into two distinct ,,roups, separated Iw about :3 sitions on a _ivcn pass showed systematic structure, as
, ,,st'c This difft'l't'llet' is evt'n _r('ater than was obtained mentioncd, that varied fiom pass to pass ist,t, Fi,_.

from our varlicr experin.ent with "'nested" data sets XXXIlI-2;, and because the residuals llt.x.er encompassed
illustrated in Fig. XXXIlI-1. a full orbit, it ix clear that any choict, of a "'reprt'st'ntative'"

observal_h' from tilt, independent acquisitions from a

I given still will not h'ad to set of observal_les withThe _r_,iOllp pseudo observables obtained within pass a

unbiased, _aussianl.v distributed errors. To test the st.nsi-about 1 week of superior conjunction exhibit chaotic
tivitv _within limits) to these unfortunate consequencesvariations in their residuals, some values reachin-_ as
of any choice, we made stwer;.ll diffcrent ones. !n par-high as 4(1 p.._ec. Many of these points may well be
tieular, we chose an observable for each pass based onsuffering from ambiguity probh'ms. Nonetheless. it is
its residual bt,in_: Ill the avera,¢e. 121 tilt, max;.mum, anddoubtful that this portioh of the data will ever be of

use in tilt' relativity test in view of tilt' large and _:31the minimum, Because the 1]umber of independent
dilBeult-to-model variable coronal influences, acquisitions per pass is usually no more than one or

two before late June. the above selections were mainly
applieal_le to data ol)tained from July onward. Tlu,

Ill smnmary. Fi_. XXXIII-2 shows that. with the pre- resultant data sets formed the basis for our numelieal

sent values for the pseudo-dr, lay observables, it will experiments. \Ve could, of course, have produced .leli.

certainly not be possibh, to estimate (1 - ,/)/2 with berately more exaggerated variations, especiaily in the
an uncertainty reliably at the lC_- level or below. To estimate of 7- had we seh'cte3 ore" points so that, ,to-
achieve our accuracy goal. the reductions from space- ¢'xaml)h', the residuals increased fron_ minima to maxima

craft Dopph,r and ranging data to pseudo observables before supt, rior conjunction and decreased from maxima
must first be improved, to minima thereafter. But, as we show below, the rcsulls

depend so sensitively on the choices already outlined as
Although we did not have tile data neeessarv to to imply the necessity for the redetermination of the

attempt to improve the determination of the pseudo pseudo ol)servabh's in order to improve on the value of
observables for the tinle period near superior conjunc- y determined from other experiments.
tion, as mentioned in Section XXXIII-A, we nonetheless

felt it worthwhile to analyze the present pseudo obser-
Partial results from a small sample of our computerrabies to determine tilt' level of accuracy at which we

coukl estimate ,/ [or (1 -" -/)/2]. For this purpose, we experiments are presented in Table XXXIII-2. Each
selected several different subsets of the data with which such experiment is sufficiently complicated as to make

to perform numerical experiments to get an indication, impractical the presentation of a complete description.

;flbeit perhaps misleading, for the range of possible The first sohttion shown involved all of the pseudo-delay
values of v "consistent" with the data. We must empha- observables with assnmed errors as follows: 0.5 _ec
size again that the pseudo observables obtained from for each acquisition made in the intervals November 17,

independent acquisitions on a given day have highly 1971, to August 31. 1972, and September 16 to Otto-
correlated errors, as the latter are dominated by the ber 11, 1972; 4 _,sec for each in the interval September 1
errors in tilt, determination of the spacecraft orbit. In to September 12, 1972; and 1 t,see for each m the interval

fact, even tile errors front pscudo,.,observables obtained September 13 to September 15, 1972. The remaining four

on separate days are likely to be correlated if the same solutions involved only one acquisition from each pass,
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Table XXXlII.2. Variations in solutions for-_ 1)aranleters, show vari:tti(m_ up to t(';l-t-oJd large': ;ban

fromMariner9 data the formal st:mdard errors. Thrsr results ,_mq_lyserve _
to emphasize tilt' sensitivity of the relativity test t_ tilt'

Xmnbcr of Number of RMS of postht

bob,titre (1 - "t_/2 = i_.mum'tt'rs" el'rt'rv._ti'.,: ,-'' r,,_i,h, ,t¢" _tc,,atic errors al[t'ctillg tilt. pseudo obsel'vable.,,.

1 0.987---0._1o7 8 11-t3 _'_.sec 2. Combination of Mariner 9 and Radar Data

, 2 1.10 =o.o2 8 1o2 1.3 A combination of thv Mariner 9 pseudo obst'rvables|

3 1.02 =0.02 8 102 1.2 with the radar measurements of time delays between!

4 1.1.)8 -'-0JI2 8 1112 1.5 the Earth aud the inner planets allows more diagnostic ]tests to be made. A sample of s¢:,ne of the results obtained
'_ 5 1.(14 ---(LI)2 8 1112 1.:2 [

from this combination is given in Table XXXilI-3. Tilt" i
! .,The.one-.stahdard-dt.viatio,aformal errors arc b,t_cd on the Mariner 9 data were chosen from the s ts composed of a [

weighted R.x.IS v.ducs o[ thr postht rt.sidu,ds be,he set to unity, single aC,luisition per pass, as described above, and each
a'Further drtails on ,l'_t' parameter._, observations, and relatwe oly,_'rvable was a_sulned to }lave a 1-_sec staudard error,

weights are giveu in the text. unless otherwise noted. The radar ti,ne-delav data, tit'-

' scribed briefly in Table XXXIII-1. were downweighted
in each solution such that the minimum error in Earth-

equally weighted, with data from August 31 through Sep- Mars dela_ was set at 10 ttsec, with the c,orrt.sponding
tember 13 omitted. The data used in these t:our solutions minilnum for Earth-Venus and Earth-Mercury delays

were chosen from four sets: thc first set contained the being 3 ttsec. The actt,al measurement uncertainties were
delay with the maximum residual from each pass before as low as several tenths of a microsecond in many cases.

August 31, the second the maximum for each pass after but fl_ese values were not used in an attempt to mute
September 13. the third the minimum from each pass the effects of the high-freqtwncy components of the
before August 31. and , .e fourth the minimum fi'om topograph.v variations. The low-frequency components
each pass after September 13. Solution 2 involved the were modeled with a tavo-dimensional Fourier series.

first and second sets, Solution 3 the third and fourth. The number of topography parameters estimated in the
Solution 4 the first and fourth, and Solution 5 the third solutions presented in Table XXXII1-3 was 202, broken
and second; all the pseudo observables were _iven equal down into 122 for .Mars and 40 each for .Mercury and

weight in the solutions. In addition to the six orbital ele- Venus. TI:e other 38 parameters were made up of the
ments mentioned above, the eight parameters estimated orbital initial conditions for each inner planet, their
included (1 + 7)/2 and the Earth-Moon mass ratio. The masses, the astronomical unit, the relativity parameter,
coronal parameter was estimated in other computer ex- and various bias parameters. Other solutions, not shown,
perimcnts and fmmd to be highly c_rrelated (correlation included the plaslnc_ parameter; these seemed to iudicate
coc_cient -0..q8) with (1 + `/)/2; inclusion of results that a single plasnm parameter was insufficient to encore-
from such experiments in Table XXXIII-2 would only pass properly all of the data.
widen the spread in the values for (1 + 7)/2. Examina-

tion of the postfit residuals discloses systematic trends, Let us now discuss those aspects of the solutions
as expected. The solutions obtained using a single "aver- which are presented in Table XXXIII-3. The values
age" value for the pseudo observable from each pass, obtained for (1 + ./)/2 seem to depend sta'ongly on the
with various parameters being estimated, also exhibit relative weight given to the Mariner 9 pseudo obser-
systematic trends in the F_.tfit residuals and yield a vables and on the inclusion or omission of the topography
spread of values for (1 + -/)/2 several-fold larger than parameters. The mass of ,Mercury is seen to be relatively
the individual formal stand.'rd deviations, unaffected by the variations represented in Table

XXXIII-3, except that the Mariner 9 data, when allowed
We conclude tentatively that: (1) Without a priori to dominate via the introduction of unrealistically low

constraints, the coronal effects are not easily separated assumed errors as in Solution 8, cause an enormous
from the direct relativistic effects on delay. (2) Ahnost change compared with the formal error. Examination of
all of the parameters exhibit variations from solution all of the formal t,rrors shows, for example, that the
to solution that are large compared with the formal _Lariner 9 data, when "properly weighted," have essen-
standard errors. Even the estimates of the Earth-Moon trolly no effect on the estinaate of the mass of Mercury; ..
mass ratio, which is only weakly coupled to the other the change in the formal standard error is only in the third
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signi[k.ant Ji_ure." E._timates of the masses of Venus, Table XXXIII-4. Osculating orbital elements for Earth and Mars

Earth plus Moon. and .Mars, were made to cheek relia-
hilitv as tilt, st, param_,tcrs arc bettt'r determined from Eh.nwnt Earth.' .klars.*

., other data _l{t.ts. XXXIII-11 and XXXIII-12). In par- EFoch.Juli;m -244( {111¢1.5 2,44(1.00{1.5
ticular, "'accepted" vahles fi}r the inverse masses ot these Epheiucris l)ate {.May)..ribS) (,Xla) 1968_

' thr','e bodies are 31 _ = 408,5"92; M-_.¢ = 328,900.1. and; Semi-malor axis, AU 0.99.9 ,t)82 764 7 1.523 604 541 a
..: 3/-!- 3.098.700. A_ain, we find remarkable agreement

,[ hetwecu these vahws and tile correspondin_ ones in Eccentricity 0.0167527125 0.093457814which the Mariner data do not dominate and in which Argumento{ 102.03394 332.101(16
i tilt' topoKraph.v is modeled. The' effects of the latter art" perihelion, dog

seen by comparison of Solution 6 with 11 and Solution 9 h_clinatmn, drg 23.443 357 8h 24.693 034
J with 12.

Lrmtdtud,' of O.(}O0665 91' 3.346 602

'i astcndin:., no_e..1 ....

The estimate of tlw astronomical unit is also not Iruti.dmeananom,dy. 139.3658(17 89.899737
strongly aifected b.v the Mariner 9 data, but when these Ch.u
data dominate, as in-Solution 8, the estimate of the astro-

nomical unit i., changed by about 30 esec to a vahle "qn almost ,111_'a_es the uncertainty should be conIined to the

quite inconsistent with the radar data. last two digits h_ted.
"t"lxed o,i basis of prcviou_ solutions involving optical and
radar data.

The mean equatorial radius of .Mars follows the samo
pattern: the "radar alone" value of 3394 I,m (set, Ref.

XXXIII-I:3) is supported except when either Mariner 9 (2) For Solution 9, rat-tar data dominant (Mariner data
data dominate or the topography is unmode!ed, tilt' latter downweighted), the pseudo-observable residuals
being less serious. Other checks on the meau radius and reach a peak of several tens of microseconds.
topoRraph.v of .Mars arc possible through comparison of
tilt, radar and Mariner 9 occultation data. These corn- (3) For Solution 12, radar data dominant, topography

parisons ;.Ire still under stud.v, but seem to indicate a nnmodeled, the pseudo-observable residuals reach
systematic difference of a few kilometers, with the radar nearly 100 ttsec, further demonstrating the necessity
data yielding smaller results. Limited self-consistency to include a model of topography in the analysis of
checks on the topography are possible through the cxis- planetary radar data.
tcnce of so-called "'closure points"--observa_ons made
with respect to tile same region of the Martian surface, but From the above solutions, and others not shown, we
h'om a different orbital configuration. The .Mars radar can summarize our findings as follows:

data obtained at Haystack from April 1971 to Febnlary
1972 included, by design, a number of series of such (1) The radar data are essential for an accurate deter-

closure points; for most regions closure was obtained mination of -i,;the Mariner 9 data can not be used
to within 1 _see (Ref, XXXIII-14). alone because they span too short an are of the

relative orbits of Earth and Mars.

The orbit of Mars can definitely be improved by in- (2) Only imp, ovements in tim orbit of Mars and small
clusiou of the Mariner 9 data. The improve::'c:'t in improvements in the orbit of Earth result from
Earth's orbit is less marked. In Table XXXIII-4 we pre- inclusion of the Mariner 9 data because of the

sent the orbital elements of both planets as determined present presence of the large systematic errors in
in Solution 6. Comparison of the postfit residuals of tile the pseudo observables.
pseudo observables for the various solutions shows that:

(3) The Mariner 9 data will add little to the determina-
(1) For Selution 6, there are no systematic trends larger tion of the astronomical unit and the masses of the

than a few microseconds, inner planets.

:'For solutions with the Mariner 9 data alone, analogous to Solu- (4) Proper account of the topography of the inner

tions '_ through 5, the fonn:d standard error in the esthnate of planets must be taken to ensure reliable results ,

Mercury's inverse mass is nearly 300,000. from the radar data, I

Pkt

JPL TECHNICALREPORT32-1550, VOL. IV 461 ']

I i•
J ....... . ..... ,I I I I I I IIII =. v , l'=Inl'l _ II ' = ' ' =_ .........

1973023947-468



]__

. • I Ill li i , m _

C. Conclusions of diI[crent techniques to produce: (1) an adequate model i

of the gravity field and of the non_ravitational forces: iBecaust. of the large s)'stematie errors that at prcsent (:2) accul'att' estimates of the spact'eraft's orbit with
accompany tilt, conversion of the spacecraft ranging da_a respect to Mars for t,ach period durin,.' which ran_m_ [

to equivalent Earth-Mars time delays, the corresponding data me axailablc; and (3) appropziate rood(Is of the J
*" determination of 7 does not now allow the predictions, solar corona and the topography of the inner planets so I

; of gcneral relativity to be distinguished from those of the that the Mariner 9 pseudo observables and the planctary ]
Brans-l)icke scalar-tensor tht'orv with tile fraction s of radar mt,asurem(,nts of delay and Doppler can be corn- ],

! scalar field admixture be:rig 0.06. The lmeertainty in the bined to yield a nmch improved estimate o[ 7- i
, determination of (1 +-/)/2 at the present stage of the

I Mariner 9 data analysis is at about the 10% level, ahnost Tile ephcnwris of Mars suffers from the same ln'oblcm:
3 comparable to tile results from previous experiments Only with the elilnination of a major fraction of tilt,

tRefs. XXXIII-15 and XXXIlI-16). The prospects for in_- systematic errors affeetin,_ thc Mariner 9 pseudo observ-provement are substantial, but the required effort is ables will a truh" substantial imprGvement be possible in

t large, Tile tracking data nmst be reanalyzed by a number the deternfination of the orbit.
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Note Added In Proof li

This section represents the state of the analysis of the 31ariner 9 data as of i'

the latc fall .1972. In February 197:3it was discovm-d that the pseuSo observable.,:. I'
. , 1_or normal points, that wc had been analvzin_ wert" not, in fact. the normal points

obtained b.v Jordan et al. (see Section XXX of this Reportl. Through a series of
unfortunate misunderstandings, the values we thought represented the normal

points actually represented the differences between twice the normal-point values
and the computed values '"20 - C" instead of "'O"L where the computed values
were based on a contemporary Earth-.Mars ephemeris in use at JPL. Thus, the
low-frequency components of the time variation of the "'normal points'" that we
used were contaminated primarily by errors in the JPL ephemeris, whereas the
high-frequenc.v components were affected mainly by the real normal points.

leading, for example, to a factor-of-two exaggeration in the amplitude of the
variatious in the residuals for a siugle pass (see Fig. XXXIII-2).

Auv results based on the normal points that we used are clearly of no scientific
value. Why did we therefore not withdraw our report in its entirety? There art'
two reasons: (1) The results presented that depend primarily on the radar data

are still valid. (2) Tl.e results that deppud importantly on the "wrong" Mariner 9
data provide a valuable lesson for some sceptics who have been koown to fear

that all manner of systematic errors could be absorbed virtually ,vithout a trace
in the estimation of the large number of parameters invoDed in solar-system
dynamics. Despite the inclusio,l of a host of parameters to be estimated and the

- : performance of a wide range of numerical experiments, the systematic trends in

the "normal-t, oint" residuals never disappeared and the inconsistency between the
radar and "normal-point" data remained clearly in evidence.
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XXXIV. Effect of Mariner 9 NormalPoints
.!

i on Planetary Ephemerids
_1 M.S.W. Keesey, J. H. Lieske, and E. M. Standish

Jet P,-opulslonLaboratory/Cahfornia Institute of Technology, Pasadena, California 91103

-JUm!

A. Observr,.ionai_ata the Mar._ data were obtainc_ durin_ periods of opposi-

tion sizable data arcs for this planet are lackin_ cot:rely.
TO ,tSSt'SS t]l( _ II_tldt'llCt" Of tilt' spacecraft data on the

plz',wtarv positions, a sl,: of ephenwrides dcsia_nated as

Duvclopm('_zt Ephenleris $2 _DE 82_ has heen created. Table XXXIV-i. Radar range measurements used in

The diff,'renc,'_ lwhvcen DE 82 and a previous set of DE SO and DE82
cphemcridcs, dt-si_natt,d as DE ,SO.are due to tilt" Mariner

9 normal points. Thc meridian circh" observations which Obst.rved Numhcr,f timc-dela:.-
}lave It,co used in DE 80 anti DE 82 consist of transit body Source ran.:,, mt..l_nrt.mcnt_ "f,.,ir

measurements of .X.lereury. Venus, .Mars. and the Sun .Mt'rcury Arccib_ 119 1964- l.qC_
over a 60-year time span be_innine, in 1911. These obscr-

x,ttions hey,- l.ct, n obtainett by tile Six and Nine Inch lta._stack %8 1966-1:168

Transit Circlt,s of tht" U. S. Naval Observatory. The total Total 207

numhcr of observations t_ontained in the optical data set

is over 28,000 for the 60 year time span. The radar time _.t.nus Haystack 63 1966-1968

delc_y data have b,:en provided by sex'oral sources, includ- .Millstone 101 1964-1967

-- ing the Arecibo Obserxatory, the MIT Haystack and Coldstone 285 196-'.-1.t167
Millstone facilities, and the JPL Coi'lstom l:acilitics (Ref.

XXXIV-1). A sumn:ary of die time-delay nwasurements Total 44.0

used in both DE 80 and DE 82 is presented in Table .Mar; Arcciho 30 1965
:'C<XIV-1. It should be noted that some of the data arc

of quc_"onable value, in particular the 1964 observations Haystack 118 19fJ7

ot Vct_us by tile JPL Coldstone facditit,s. Al_o, although Goldstone 242 1969
, there is a sizable numbf,r of Goldstnne observations (;oldstone 761 1971

, of Venqs, the), were obtained within short time periods Total 1151
so that tile data arcs are rather short. In addition, since
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B. Addition of Spacecraft Data -;_T- : ]

to the Observation Data Set ,,- _

Tlw _p,i_'rcra!t i!ata utilizt'd iu the _l'l_, r.lti_ul .d |)E .. _ l

',i'-t,'tt _;tG._t tilt, d "non+l _l+OUd,,"", R-'f. XXXIV-2 .!'+icD " I
t.xtrnth-d tr_lnl Nfw,-tnhcr :2tl. 1._71.to Ft'}_rn,tr.v 14. l.tJT:?-: ! 11

,I ',t'ctnit I '_.'r<Jnp ,i_I_'-,,, llieci.,,e d._.ta xva,_c_mlpusrd (if :35 _ "'+"'- _

lUll,it.,,and e,,tc:,d_xl fr+:m \larch 2-L 1972. to Jut 3 bO. 1972. _ ! it

= ! !,Ih.hlrt. the srcontl ,.romp hr_.ulw av,til.lhh,. ,in int_'rinl _
rlfll_'m'ri va_,,'-t'rnvratt'd !hat utilizt d tht' fir'_t _rl_til_ o[ _ ..-,..,- • _ _
,,pa_-_-craf-data _with standard deviation of (I.itaseci in : [

1;

.l'.]ditil_lzl:t tht. r,td.lr and iHltk-a| data prv_,cnh.d .d::'wt.. l
lLtm:e r.'_idu,d_ _x_re omtput_-3 f.r the 3larill('r 9 data "_ ;.
u_ill_ I. is h nlpor.trv rphcl,lrris. The.',e rt_idt, als. which , '

_,.'r," ,ill h-,s than (I.5 ;,src tor tlir first group, are '._ _wn -_..-v- ., _
; in l:i_. XXXIV-I.

126.77 !13.0: 15_'.25 _'_.x.,3 _z 1.7_ 207 _"S_ ."2l _3 2g.G.._" 2_ "72

|towt'vt.r. x_ll_-htht' st'colR| _roull "3f ._paceeraft data _,,._ _:sr-.c.,_,,._.,__.-,:, ,"

! h,'c.unr :_v,tila|lle, it ',va_ fi,ul,d that residuals lwtwren iFig. XXX!V-2. Range residuals of seemed group (March 23 In

_.]ltls_ data and tht. interim el_.hrmeri,; dr([ted tll more July 30, 1972) of Mariner 9 normal points using an in'retire !

th,,n 40 ,';ec. ,is il_dic,itcd i,.I Fi_. XXXIV-2. It was con- ephemeris.
' chided that the ori_nl,d spacecraft data art- _ as _oo shnrt

aud that tht. svcoud _roup .1 data sl:oukt hr. int'hlde(|

in the _t'lt(,raiinn ill t]l," elll.ll'ln_'ri <. ._. s,ec_nd t,tlht'nlt'ri.'_ n-rmal points also includt-d in the d,:ta se _. As th," a6-nl !
:.lntiqinas wt.rt, rt,ntlcrt'd in:'ffeetual by thc inert.a_in_

i
v, as thus _cneratcd (DE S21. with the sceond _roup of Earth-Mars distance after late March 197:2 _see Sect(era

XXX tff this l:_epodk (lit' standard deviations nf thr

0.:r_ 1 second _roup of spacecraft data were downwei-_,htt_ t_
1 I 1 /_ee.

°-'1- t Residuals for both sets Of normal p_lints were then
_._,I , _] recomputed usint_ DE 82. As indicated in Fi_s. XXXIV-3

t _,nd XXXIV-.t, the re_iduals for the second _roup weret

oo.2i __ reductxl to less than 2 _ee in _,l_solute tna_nitude and ,

," • tiw first set to less than 0.4 ,o-see, the RMS xalue for the

" " " combined sets was 0.3 _sec.
• The iucorpora;:ion of $ nlonths ot spacecraft data into0 • _'°

" die observation data set ,_eemed to be not onlyan ira-
". "_ - provenwnt over the interim ,:lflwlnrris, but also over

-°'_r i: "" " DE 80 (insofar as spacecraft data are concerned), as

; [_ . " indicated by Fig. XXXIV-5. This fi-.,ure, which containst -0.2 " • "

' i not only the .98 points used i'_ the ._eneration of DE 82,/ [ -

" " .] but also the additional normal p_lints that were acquiredL-'0.3

] j through conjunction, indicates quite clearly the presenceof a periodic etteet in DE 80 or in the spacecraft data.
-o._._.t__. __.._, . _ t" _ _ To determine tlle source of this effect, the Earth-Mars2441_70 24.41."/90 24ai310 2441330 2_./,I "".s_ 2441370

_u_ tmo_t_s0_t range has been algebraically formulated as a f',mct_on of
the orbital elenwnts utilizin_ computer manipulation pro-Fig. X,v,XlV :. Range residualo of first group (Nov. 20, 1971, to

Feb. 14, 1972) of Mariner 9 normal points using an interim grams (Ref. XXXIV-2). The resuitintr, periodicities in the
ephemeris, range formulation have been evaluated in an l.ctempt to
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; Rg. XXXIV-3. Range residualsof first group (Nov. 20. 1971, to
Feb. 14, 1972) of Mariner 9 normal points using DE 82. Fig. XXXIV-5. Rangeresiduals of allMariner 9 i

normal points using DE 80.

L_I _ •
l ! the curve depicted in F:,e. XXXI\'-5 is a pun' sin,. or ,

-,. _-_-1 i cnsine function. An investigation is cum.ntlv un(h'r_av :

to determille the physit-a! origins of the periodic resi(lual, | (viz. the in_luellco of n variation in Jupitor's mass on the

:'_1 "_ ephemeris or t-l{ects caust'd by topographical variations
i i on Mars).

" • C. DE 82 Fit to Early Radar Range Data
".J

•' . • Although the fit of DE 82 to the spaccc, aft data ,vas

i_ o._4- .'" - ! good, the tqt for the earh" Mars radar bounce data was
_< " ": I inadequate. The rane, e residuals for the Mars data pre-

- I sented in Table XXXiV-I. winch have been computed
-0.3$

I "_ using DE 80, are platted in Figs. XXXIV-6a through

XXXIV-ga: the corre_pondin_ residuals computed with

-0 "z • DE 82 are found in Figs. XXXIV-6b through XXX|V-9b.

• As the only difference between DE 80 and DE 82 was
-_._,_ .___ _ _ . , , _ _ _ . the addition :,f the spacecraft data to the observation

,2_._.,,:.o_,_,._s ,r:._ t,_.r, _0_._ n_._3 2,0.,_.n data set, it COml)arisonof the [i_lires demonstrates theOAYS PA$| f40*/tA_gfJ¢ 17, lqT!

effect on tile ephcm_ "is of utilizing the spacecraft data.
Fig. XXXIV.4. Range residuals of second group (M_rch 23 to

July 30, 1972) of Mariner 9 normal points using DE 82.
Comparison of Figs. XXXIV-6a and XXXIV-6b indi-

cater, a 50-#ec increase in the range residuals for the

dotermine which orbital parameters yield a period corn- 1965 Arecibo data when the spacecraft data are added

patible with the residuals of Fig. XXXIV-5. At fl_e present to the data set. ltowover, the new values :re still less ,

tin'e, it appears that sucia a period (ca 500 to 560 days) than the standard deviations of the data, which are as

is impossible to obtain from orbital element errors if high as 800 vsec.
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TI,(. r,ul_, rcsidua}s ot tilt. 1967 Ha v._tack data. how- @ I

.vet..m" im-rea_'d lw 25 ,,scc (.is indicated by l:it_s. _ '"'_Pc
XXXIV-7a .mtl XNXIV-Tb) such that the new rt.siduals _- '-_eo _.

""_ ,: "-t./_ \
thcst" are less than 20 ,_et. Tht, :,row is truc of the resid- "_.r,_ /_'::_./o_ \
u.ds produced with the 1,969JPl. bistatic data (of. Fi_. '_q(e... "" _

d,tta 2 .,see for most ot the observations. Only the range z° Ii
re, ideals produc,.'d by tlw 1971 JpI. bistatic data (as also l ---"_' --"_ CFNTER OF FtGURE] I

\ / t' indic,trod liy Fi_s. XXXIV-Sa ;rod XXXIV-Sb _ and the / I
1971 jPL DSS 14 nionllst,itie data (of. lri_s. XXXIV-9,t i

' ;Iml XXXlV-gb! re;uain csscnti,dh" constant using DE 80 \ O_SEt_ED I i
"i or DE 62. _F_- I

I

t i
hlh'oduction of spacecraft data into the observation

data set thus produces iucreast>d range residuals for .Mars Fig.XXXIV-IO.The effect of an offset center of figure r[ - onan observed radarrange.
i radar-bounce data that arc"proc:ressively larger for each

opposition as one _oes l"ek in time. This implies thatI
' the spaeccraft data art, produein_ a secular or, most from 1967 to 1971. at secular-type trend would be the
i probably, a long pcricd effect in the ephemeris of Mars. result over this interval of time.
t The reason for this is unknown, but the problem is

[ prcseutl.v under study, as indicated above. Preliminao" ellipsoidal fits to the surface of .Mars have
been made: these fits show a southerly displacement of

It is possible to account for at least part (if this secular- the center of figure with a magnitude of a ftw kihuneters.
type trend by fitting the surface of .Mars with a Keneral What is strikinm moreover, is that _. similar fit usin_ the
ellipsoid. The most important effect in this respect would Mariner 9 occultation data a,_rees well with the fits from
boa displacement of the center of figure [rom the center the radar ,lata. From the occultation data, a similar 3-kin
of mass in a southerly direction along the pole of .Mars. offset was found in the pola Gircction (Ref. XXXIV-3).
This would introduce an apparent error in the radar

range of z,, sin/3, where zo is the displacement and fl is In addition to the ephemeris of Mars, the Mariner 9
the .Martian latitude of the radar sub-Earth point. The spacecraft data have also affected the geocentric ephe-
geometry is shown in Fig. XXXIV-10. Since fl decreases meris of Venus. producing changes up to 5 km in range.
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' XXXV. Plasma Column Changes at
' Small Solar Elongations

P. S. Callahan

I Jet PropulsmnLaboratory/CaliforniaInstituteof Technology,Pasadena,California91103

Tilt' differenced range versus integrated Doppler If the records are viewed in terms of range change
(DRVID) tcclmiquc, discussed by MacDorcn and Martin or range change rate. the day-to-day fluctuations in these
in Ref. XXXV-I and by .Muhleman and Jolmston in Rcf. quantities mask the ,changes expected due to the varying
XXXV-2, was used to study charged-particle ebangcs in solar elongation. Tlms, while the steady-state total elcc-
the ray"path between F.arth and Mariner 9. Similar work tron content varies by a factor of 4 (assuming an r--' law).
using Mariner.s 6 and 7 has been discussed by Callahan the columnar content changes show no systematic varia-
•'t al. (see Ref. XXXV-3}. tions.

Two types of structure are observed. First, there art,
For studying plasma activity near the Sun. DRVID "slopes" that last many hours with the rates given above.

data were o.bt;lin,ed from Au_t 10 to October 24. The rate is fairly constant, and there is e._sentially no
1972, surrounding the Mariner 9 superior conjunotion on small-scale structure visible in the data. Second, there

September 7. The range of Sun-Earth-prol)e (SEP) are "bumps" or "clouds" in which the range moves up
angles is 3 _ to 16° or about 11 to 62 Re at the ray path's and .,own by 20 to 60 m on a time scale of 2 to 4 hr. In
closest approach. For SEP angles less than 3°, Doppler this case, the rate of change dominates the data noise. If

phase lock could not be maintained, and no data were the time scale is nmltiplied by the solar wind vcloc;ty,
acquired. The data consist of records obtaioed during we find a scale "-o.slz, of about a × 10,; kin. If we suppose
each tracking pass (about 10 hr) of the charged-particle- ,1.at all of the cohnnnar content change occurs in a local-
induced range change. No corrections have been made ized .region near the ray path's closest approacb, to the
for Earth's ionosphere as it is always less than tim data Sun, we find local density changes on the order of 100%
noise, of the mean (which is assumed to vary as r'").

' Data from August 10 to September 25 have been The types of structure observed and their amplitudes
scanned. The range chang,, during a record is highly are being studied with atttocorrelation and power spec-
variable from day to day, with values rather uniformly trum techniques as a function of SEP angle and other ,i
spread between 30 and 330 m (round trip) or 1.8 to 20 variables. From the entire data set, it should be possible _-'
× 10'' electrons m-=. The maximum rate of change is to place limits on the heliocentric variation of charged-
<_ 150 m hr -_(2.5 × 10 '_ electrons m-_ see-Z); typical rates particle fluctuations and to characterize their wave-
are 15 to 30 m ar _ number spectrum. :_

f
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; XXXVI. S-Band Radio OccultationMeasurementsof the

' Atmosphereand Topographyof Mars With Mariner 9:
Extended MissionCoverageof Polar

and Intermediate Latitudes
A. J. Kliore, G. Fjeldbo, B. L. Seidel, M. J. Sykes, and P. M. Woiceshyn

Jet PropulsionLaboratory/CaliforniaInstituteof Technology,Pasadena,California91103

Mariner 9 was i_tserted into orbit about Mars on oniy with the 64-m antenna at DSS 14. Consequently,
November 14. 1971 (UT). At the time of arrival, the only the ,,ccu!tatinns that occurred during the even-
orbital geometry relative to Earth was ._.ch th",t the numhered revolutions from 352 to 450 could be observed.

spacecraft was occulted from view of Earth by Mars once In addition, 9 tracking days were not available because
each revolution, beginning several minutes after peri- of conflicts with other functions of Goldstone DSS 14.
apsis. At that time, Mariner's high-gain antenna was Thus, about 40 observation days were available dur-
directed toward Earth, and each occultation could be ob- ing this period (callod extended mission I) resulting
served by using the 26.m antennas at the tracking stations in 80 separate occultation meas,]rements. In contrast to
in Australia and Spain for the Goldstone nadir occulta- the measurements made during the standard mission,
tions and the 64-m antenna station at Goldstone, Call- which ranged in latitude from about -40 ° to + 20 ° for the
fornia (DSS 14) for the Goldstone zenith occultations, entries, with the exit measurements clustering about the
These occultations continued for the first 40 days of the latitude of +65 °, these extended mission I measurements
mission, providing 160 separate measurements, the results were remarkable, because the latatude coverage ranged
of which have been described in previous publications from about +86 to -80% Thus, for the first time, occul-
(Refs. XXXVI-I and XXXVI-2). tation measurements of the north and south polar regions

of Mars were provided. The locations of these occultatk_n
Beginning on May 7, 1972, another set of Earth occulta- measurements, as well as those of the standard mission

tions began, and continued for 49 days until June 25, measurements, are shown on the maps of Figs. XXXVI-1
1972. At this time, the spacecraft's high-gain antenna was and XXXVI-2. The maps that form the background for
not pointed at Earth, and the spacecraft was at a distance these figures were prepared by the U. S. Geological
of from 338 million to 378 million kilometers. Because of Survey from the mapping sequence pictures taken by "
this, the received signal level _t the 26-m antenna was Mariner 9. The locations are identified with the orbital
below threshold; therefore, observations could be made revolution number and the type of measurement; the

1
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lettcr .V identifies tilt' entry or immersion measurenwnt, made at nighttime ill the southern hemisphere, with the

and the h,ttvr X identifies the exit or cmersion. Thc start- correspouding Martian time of day rangin_ h'om about

dard mk_ion measu,ements correspond to revolutions 05:00 at the bt,_mnmg"' to about 17:00 at tile end. only

, 0 to 79. aud cxtcndcd missum [. the subject of this section, the last two Ille;.tsttlellluIl[s occurred witll the Sun above ;

corresponds to rcvoIutiom. 35° to 4,-30. The locations of tile horizou, while the latitude of n,easuremcnt covered

; tilt occultatim_ measurcmcnts that correspond to a third the entire southern helnisphere to about -80:. All lati-

i .st,t of oceultations, be_inninK with revolution 6:38 and tude_ used in this '..t'ction havc been computed by tilt' JPL
identified as extended mission [I, also are shown on the POGASIS program under tilt' assumption of a spherical

t map. However. data l'esultulK from tb.e extended mission figure for Mars with a radius of 33S9 kin. Because tim

_" I1 measurements have not yet b<'en analyzed, and the true radius of .-Mars at tilt, equator and the poles is
.1 results will bc described at a future date. substantially different t,'om this figure, the true areo-

, graphic latitudes of the occultation points will differ some-

-,, In order to better evaluate tile results, it is necessary what from the values given here
to understand the conditions that existed on the surface

of ._lars at the points of measurement. Tilt, time of year The methods of acquisition, processing, and analysis

corrcsponding with tlwse ine,lsurelIwnts was nort]lt'rn of tile data have been described in a previous paper on

hemisphere sprin_. _ ,th a sub-solar latitud,' rangin_ from Mariner 9 occultation results '_Ref. XXXVI-2L and thcv

10.5- to lq.2 "_. The latitude, solar elevation angle, and will not be discussed here. However. certain aspects of

Mars local time are shown for eaell entry measu"t, ment the extended mission I data render them sutlqcientlv

in Fi,z. XXXVI-3. These nwasurem,'nts began in darkness different from the standard mission data to warrant some

at mid-northern latitudes at local times correspondin_ diseus_,.on. Because of the much lower levcl of the re-

to about 04:00. The latitudes ot the measuremeuts moved eeived signal (approximately - 165 dB,n as compared to

rapidly north with each successive revolution, and the about - 1:38 dBm to - 145 dBm f.':r tile standard missionL
solar illumiuation angle had risen above zero beginning tile acquisition of the signal by tl,e phase-loeke '.-loop

with revolution 36o. As the latitude of measurenwnt receivers upop exit of tile spacecraft from occultation

approached tilt' north pole, the solar elevation angle was much more diffk, ult. and for most exits the signal was"

increased: the .Martian local time changed rapidly until, not reaequired until several seconds after it reappeared.

by about revolution 390, it stabilized at about 17:00. Fo_ For this reason, it was necessary to use data obtained

tile remainder of tilt, entry measurcn_ents, tile latitudes from the opm..loop receivers to derive rcsults from all

became more southerl,v: the solar illumination, after exit measurements. Tile entry measuren_onts were taken

reacifine: a maximum of about 17°, began to decrease as in the two-way mode m which the spacecraft transponder

points of measurement reached tile southern hemisphere, received a signal fi,, r the tracking station and eohcrentlv

The corresponding quantities deseribiu_ the e:'it mea- retransmitted it, thus effectively imparting to the received

surements arc shown in Fig. XXXVI-4. Here it is immedi- signal tile stability of tilt" frequency standaM at th,,
atcly cvident that most of these measurements wtre st'_.tio,, The., >' 7_ta were _aken in tilt, one-way mode;

24 _ Ef'|lRIES - __
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: Fig.XXXVI.3. Latitudes, Mars local times, and solar illumination angles for 'J-

entry measu_.ments. , _
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exit measurements.

thus, their quality d(,pended upon the stability of the down to Earth of as much as about 5 km for two-way

crystal auxiliary oscillator onboard the spacecraft. During measurements. The data were iuterpreted as resulting

the standard mission, the quality of the one-way data from an average effect between the uplink and downlink.

was, in most cases, sufficient to derive such parameters as with the surface radii determined from the distance of
the surface press-re and temperature from the exit mea- the downlink path from the center of Mars at ti_e time

surements, but not sufficit _1:, good to allow colnputa- or s;_.-.nul loss. The average refractivity profile was then
tions of electron density in tlle ionosphere, extrapolated or interpolated to conform to that radius

of the final measurement.

It appears that. between the time of the standard mis-

siou exit measurements aud the measurements described The accuracy of the radius measurements d(.pcu(ls [
here, the stability of the auxiliary osci!lator had deterio- primarily on the precision of the timi_.g of the occultation "

rated, with the _csult that ouly a few of the exit measure- event as observed at Earth and on the precision of the r.

ments provide reliable temperature and pressure profiles, knowledge of the spacecraft's orbit as represented bv thc

The measurements that wcre judged unrellabic because uncertainty in its time of pe,iapsis. During the standard
of spurious low-frequency fluctuations in the observed mis",ion, the accuracy of timing was on the order of .:"

Dopph'r rcsiduals arc marked with an asterisk in Table 0.l scc (Ref. XXX_'(-3), and the uncertaiptv in the time ._.
XXXVI-I. It is difficult to assign a quantitative measure of closest approach for each orbit was also of the same

to the uncertainty in the temperature and pr('ssurc de- magnitude. Hcucc. with the vertical velocity of tl,e radio
rivz, d from these meas,remcnts, but these results should beam to Mars of about 2,5 kin/see, the iormal uncertainty

be accepted x_ith caution, and should not be used in i_ the standarA missio', radius ineasurements was about
applications requiring better than about 10% ancuraey. 330 m. Because of the much lower signal-to.noise ratio

The radii derived from these measurements are, however, experienced during extended mission I, the timing of the

quite acceptable, occultation event, which was obtained by inspection of
the spcctr,m of the received signal, could be obtained

, The Mars-Earth geometry at the time of these mea- m_ly with an uncertainty uf about 0.7 see because the

surcments was such that the distance between the Ez,th spectra had to be average(t for that length of time to

ond the spacecraft was relatively large, and the round- _bserve clearly the presence or absence of a signal. Con-

trip propagP.tion time of the signal ranged from 37.6 to cur=ent!y, because of reduced trackillg coverage during

42.0 min. This, in turn, produced a distance at Mars the e,'tendct "aission, the accuracy of the orbit deter-

between the signal path up to the spacecraft and the b._.Lh "mhlations 'Aso was reduced, resulting !n unccrtairties of
" 52, b ;I [_
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Table XXXVI-1, Summary of results (May to June 1972)

Pe:'L il
Suriace Surface Solar vle _., l'(ak Rad;u, ,d ;

Lati',ude, Longitude, Location Radius, pressure, t,nnperature, zenith density, radius, f, I-mh k
Revolution deg deg km nab oK angle, el/cna _ k,n pre_,urv,

deg X 10 a km
It

1"
352N 33.9 323.3 Arabia 3391.3 5.6 199 98.9 0.17 3547.5 3390.36 i

352X 6.7 329.0 Arahia __h __h --" 111.5 -- -- --_' I

354":" 44.2 312.5 Protomms 3386.8 2.5 150 96.1 -- -- 3380.13

354X -- ?:.3 321.9 Aeria 3400.1 t3.4 171 112.4 _ -- 3400 54

358N 57.1 293.1 Umhra 3381.7 8.5 189 91.8 0.28 3550.1 3384..92

358X -- 15.7 305.5 Iapygia 3398.5 5.3 163 112.8 -- -- 3397.78

360N 62.2 C84.C North polar 3379.1 7.2 191 90.1 0.47 3526.5 338IL68

egion

360X_, -29.5 296.6 lapygia 3394.1 3.1 143 112.8 _ -- 33q0.04

362N 66.8 "'5.3 North polar 3378.1 7.3 i98 88.5 0.45 3521,5 3379.88

region

362X a -24.9 287.5 Mare 3392.1 2.2 14i 112.6 -- -- 3388.73
Hadriacum

;--,, 360N 75.0 260.5 North polar 3377.2 6.5 187 b5.6 0.49 0514.7 3377./5 l
/ region

366X a -32.3 268.7 .Mare 3390.0 9.0 209 _t.'J..9 -- _ 3394.24
Hadriacum

368N 78.7 255.7 North polar 3375.9 6.5 182 84.3 0.60 352A.7 3376.53

region

368X .... 35.6 259.0 Ausonia 3391.6 4.0 175 111.5 -- _ 3387 93

372X -4i.7 239,3 Ansonia 3388,5 4.0 160 110.5 -- _ 3385.12

374N a 86.0 296.5 North polar 3376.6 5.7 178 81.1 0.7._ 3512.7 3375.97
region

374X -44.4 229.3 Eridania __b _ __b 109.9 -- --

376N 84.7 326.6 North polar 3376.8 6.0 181 80.1 0.78 3509.8 3376.64

region

376X -47.0 219.3 Eridania 3388.6 6.6 20n 109.4 -- -- ;_388.50

' 378N 82.l 335.5 North polar 3378.1 5.2 186 79.2 0.ql 3515.6 3376.62

region

378X -49.4 209.3 Eridania ' 388.7 3.3 152 108.8 -- _ 3383.23

382N 76.4 330.5 North polar 3380.6 4.3 181 77.7 0.98 3516.1 3377.52

regton

382X , --54.0 139. t Mare 3386.7 4.2 161 107.7 -- -- 3383.7'

, Chronium

386N 70.5 317.5 North polar 33'19.7 5,5 186 76.3 0.99 3518,3 3378.72

region

386X -58.2 168.8 Mare 338ta 3 4.9 173 _08 5 -- _ 3384.35
, Chronium

388N, 67.7 310.1 North polar 3378.8 6.2 187 75.8 0.92 3513.4 3378.92

region

388X -60.1 158.4 Palinuri 3385.6 5,2 170 106.0 _ _ 3384.23

Fretum

aNoisy data.

bBad or missing date..
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Table XXXVI.1 (contd)

Pe,lk
Sllr|Jee SllrLl¢ t, SnLir t .l_r..lreo P¢-ak Radios .d.

Latitude. Lamgitude. L_K,'ati.n Radi.s. pre%ure, teulper_hire, zeniLh den_dy, r,.h- . Iq.I-m]_
R"_,,lutiuo dt'g dt'g km mb "K angle, e|.cm _ km pre,_,re.

deg 'g 10" kin

3b_iN I;-4.8 302,3 North polar ]379.5 7.11 "210 75.2 (I._j 3-515.2 3.750.73

region

3911X -62.(I 147.9 Palinuri 3382.4 5.0 153 105.4 -- -- 33.q1.13

r. ¢g.lllm

q ^-- _lu_ ' qgl ")R392N '31.9 2crt.3 North polar 3380.2 o. _ .... 74.7 1.10 3.514.2 3....

! region

392X - 133.8 137. l Thyle 1 3384.0 5.4 183 104.8 -- -- 3382.87

i 394N a 59.1 :'_._n.1 Copais 3380.5 6.6 2119 74.3 1,00 3518.5 3.381.$_

P;ilill i

i 3glX -65.6 12fi.li South polar 3383.4 4.2 186 1fl4.2 -- -- 3379,97

l r_.gio._ i,
i 398N 53.5 269.1 Casius 3382,0 7.8 2,33 73.7 |.ltO 3514.0 3384.70 I

398X -68.9 102.8 South polar __b __b __v, 103.0 .... :
1-

region I
400N 51.2 2R0.2 Casius 3384.4 6.7 220 73.4 1.06 3514.0 3384.40 z

•100X --71.(I 89.8 South polar 3382.0 5,9 165 102.4 _ _ 3,'181.74

region

4o2N 4b.4 251.4 Utopia 3382.9 7.8 225 73.2 1,04 3522,1 3385.70

402X -72.5 76.9 South polar 3381.3 5.3 159 101.8 -- -- 3380.0-,,3
region

404N 45.2 242.7 Aetheria 3384.1 6.8 202 72.9 1.20 3517.7 3385.20

I 404X -73.5 64.3 South polar 3380.3 4.5 154 101.4 -- -- 3377.23
region

406N 42.4 233.7 Cebrenia 338,5.7 0.8 218 72.7 1.0l 3520.4 3386.79

4116X -7,' ",, 50.3 South p,Jlar 3380.9 8.1 197 100.8 -- -- 3383.71 ;
region

408N 39.5 224.8 Cebrenia 3386.5 6.5 216 72.6 1.I0 3514-2 3387.10

408X a -76.1 35.6 South polar 3381.5 4.1 145 100.3 _ _ 8379.51

regmn

410N 36.6 215.9 Cebrenia 3386.5 6.4 205 75.5 1.16 3520.1 3386,89 -"

410Xa - 77.1 20.2 South polar 3380.9 7.7 205 99.7 -- -- 3383.37

region

414N 30.9 198.2 Phlegra 3392.0 4.6 206 72,5 1,10 3522.2 3389.19 :'

414X a -78.8 346.6 South polar 3,383.9 3.7 146 98.7 -- -- 3379,80

,_ region ],

,tI6N 27.8 189.5 Phlegra 3390.4 5.7 217 72.5 1.02 3518.1 3389.77

416X -79.3 329.5 South polar 3379.4 4,2 157 98.2 -- -- 3376,60
_-,- region

418N a 24.9 180.9 Phlegra C388.5 9.8 235 72.6 --_ __b 3394.14

418X a -79.6 311.0 South polar 3379.8 6,2 157 97.7 -- -- 3379.93

<-_': region

:" aNolsy data.

bBad or missing data. r

!
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Table XXXVI-1 (contd)

Pedk I!
,_ur_ace ._ur[4tl• Solar electron Peak Radiu_at _,

Lalitudc. [.,m_itude. L,_cali,m Radius. prv_sure, t,.mi_'r ature, zenith density, radius. 6.I-rob
Rcvolution dog (leg km mb *K an_zle, t'l ,'cm' kiP. prc_s,w,

deg × ln; km

II

420N :)2.o 17a.4 Amazcnis 3390.4 6.7 230 7:2.7 1.1.16 :3,5:24.8 33ql.47 ""

42-0X -79.7 292.3 St_uth polar 3379.9 4.9 155 ._}7.2 -- -- 3378.2.4 _1
region

42-2N 1_.1 I_4.0 Amazonis 3391.1 6.5 218 72-.9 1.06 35_2.7 3301.78
/

•_._,-',_ n_a _ 3.8 [_4__,X --79.6 ..... South polar 3380.1 145 96.6 -- -- 3376,79
¢

__ region

i 424N 16.1 155.6 ?unazonis 3391.11 7.3 233 73.1 0.92 3522.6 3393.1o "
4"24Xa -79.2 :_551 South polar 3380.0 4.0 148 96.1 -- -- 3377.05 L

!

re_,rion

_ 42_N • I0.i 139.2 Nix 3094.0 3.8 212 _3.7 __b __b ___ [
; Olympma '_

I
, 42.8X -77.7 221.0 South polar 3381.4 4.5 176 95.1 -- -- 3378.84

region
430N 7.l 131.0 Pavonis 3398.4 4.6 223 74.0 1.09 3529.! 3395.43 !

La_s j
430X _ -76.6 2(14.7 South polar 3381.9 8.1 205 94.b -- -- 3384.71 [

region
432N 4.0 122-.8 P_:_onis 3403.5 ' 3.1 210 74.3 0.99 3528.1 3396.88

Laeus -"

432X "_ -75.4 189.6 South polar 3380.6 3.5 143 94.1 _ _ 3377.27

| region ,
!_.L!N 0.8 114.5 Pavonis 3417.1 1.0 209 74.7 0.89 3534.2 3397.94

I Laeus434X -74.0 175.1 South polar 3383.8 7.0 149 93.5 _ -- 3384.86

region
436N - 2-.4 106.2 Tharsis 3403.:3 3.4 204 75.2. 1.0-t 3524.2 3396.64

436X -72.4 160.7 South polar _b _b _1, 93.0 -- _
region

438N - 5.8 .t)7,9 Noetio 341)7.1 2.0 185 75.6 1.02 3525.9 3397.24
Lacus

438Xa -70.8 147.0 South polar 3381 9 3.5 144 92.5 _ -- 3377.84
region

•142N - 13.1 81.4 hinai 3401.3 3.1 211 76.7 0.90 3528.3 3394.73

442Xa -66.9 120.1 South polar 3382.5 2.6 151 91.4 _ _ 3374.29
region

446N -21.4 65.4 ' Sinai 33q3.0 3.4 201 78.0 0.93 3529.9 3394.60

446X -62.0 93.5 Dia ._b _u __b 90.2 _ _

448N --26.4 57.9 Mare 3398,2 3.8 214 78.7 0.73 3532.6 3393.18
E_'thraeum

448X -58.7 80.0 Mare 3384.2 5.3 148 89,8 _ _ 3383,1)8
, Australe

450N a -32.6 51.2 Ogygis 3:392.4 3,3 166 79.5 0.50 3533.2 3387.84
Regio

450X - 54.3 65,9 Mare ._b _b _b 88.9 _ _
Australe

aNoisy data.
bBador missing data, }

i ,
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up to 0.6 st'c m time ot closest appro,wh. However. low elcvatiol) of the region around 65: could I)e a p]lt'-

th,' maximu,u rad,al v(.Io(.itv of the radio be,un was only m)m_.,on peculiar to that latitude, and the conditions ,it _.
1.2 kin/see. Thus. with a total random timin,., uncert;duty the north pole could be difft'rcnt. It is now apl_arcnt that
of about 0.9 st'(" in locating the occultation radiu_, the the latter conclusion is c_)rrect. The :fine entry me,_sure-

rt'sultin_ maxi,num radius uncertainty is about 1.1 kin. merits obtained at latitudes above 65: indicate surface
,dmospheric pressures ran_in_ from about 4.4 to 7.4 m}).

Of the possible measurements, one entry measurement with the avt.ra 7 at about 5.7 mb tFi,_. XXNV1-5L It i_
was lost because of operational difficulties, and six exit apl:art'nt in Table XXXVI-1 that the radii of these mea-
mt-,tsuremt'nts were lost as a rcsult of bad or missin_ surements average to about .3.377.8kin. Thus. it appears

data. Two of the entry measurements were made in the that the radius of .Mars ehan,zes by only about 2 km from
, one-way mode _revolutions 418 and 218). which consid- a latitude of 65 _ to the north pole. When the altitudes

'. erablv reduced the value of the measuremt.nts. Thus. 7:3 t_orrespondin-_ to each point were computed relative to 11
successful measurements were obtained. Although these the 6.l-ml) level, based on the surfae(, pressure and the I,

ax'era_e scale height for the first 10 kin. the results for i., measurements cover almost all latitudes on .Mars. the "

most significant measurements are those relating, to the the north pohtr measurements (Fi_. XXXVI-6) show that [
- the north polar area is about avera-_e in elevation, with l

north pole; those measurements are discussed first. '
; most of the measurements indicating altitudes somewhat '

above the 6.1 mb reference. The tempt rature profiles )

The results of the standard mission (Ref. XXXVI-2) derived from the north polar measurements art, shown in !
i showed that the region at about 65°. where most of the Fig. XXXVI-7 with their locations on a north polar real). ,

exit measurements were taken, was low compared ,¢ith q,.-se temperature profiles, all taken at low solar eleva- i
the equatorial region, exhibitin_ high surface pressures tion angles, do not show appreciable differences in t
and radii below 3:380 kin. Because no measurements at temperature gradients, with the surface atmospheric
higher latitudes were obtained, one of two conclusions temperatures varying with solar illumination angle and
was suggested regarding the nature of the Martian ranging front about 178°K to about 191_K, all substan-
north pole. If one were to assume that the s.vstematically tially above the freezing point of carbon dioxide. As

i lower terrain at 65 ° was indicative of the general shape several of these measurements were taken directly over
of the planet, then the polar radius would have to be the north polar cap, these temperatures are indicative
about 3372 kin, and the surface pressure would have to of the possibility that the remnant north polar cap may
be about 12 rob. Alternatively. it was suggested that the be at least partially composed of water ice.

_,1_ i t T ' s t I t I r 1
_w

ENTRIES. NORTHPOLAR REGION

o

LO

o
_6.0 o

° o

_ o

o

4.0 1
........ , L. l _ _ , _ , ,REVNo _ 364 366 368 370 372 374 3_6 3_ _0 382 384 386 3_

LAT66,8 75.0 78.1 86.0 84.1 97..1 76.4 70.5 61.1 d
LONZ15.3 Z60..5L_.5.7 L_5 326.63._5.5 330.5 _111.53111.1 .:

p,
MI.T.l_r 4.36 4.01 _.61 n._ =i9 18.9"/ IL99 l)._ 11.54

GMTOA'I_(19m 5Az 5A4 $/1._ 5As 5A9 5._0 5//_ $/_4 5/'6 ,

M.L.T. • MARS LOCALTIME i
Fig.XXXVI.5.Surfaceatmosphericpressuresforentrymeasurementsinthe --

north_lar region.
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Fig.XXXVI.6.Pressurealtitudesof measurementsin the northpolarregion.
Zeroisequalto 6.1 rob.

Tile surface atmospheric pressures, as well as the cor- Thus, it is certain that the beam was actalally interrupted
I responding pressure altitudes for the intermediate lati- b', the highest feature along the beam track, which is

tude (___65°) entry measurements, together with a map likely to be the summit area. The radius that was mea-
showing their locations, are shown in Fig XXXVI-8. sured is 341"7.1 km. If one assumes that the radii cor-

Several points are worth noting. First, it is apparent that respondi;,g _o measurements 432 and 436 are indicative

virtually all locations in the northern laemisphere in the of the elevation of the surr(mnding terrain, a height of
Aetheria, Phlegra, and Amazonis regions exhibit pressure from 13.6 to 13.8 km is obtained for the volcanic construct

altitudes of from 1 to 3 km below the 6.l-rob level. These of Middle Spot. Alternatively, on the basis of pressure
measurements arc located on the right-hand side of the altitudes, the height of Middle Spot is dedaced to be
map. However, as the measurement locations cross into about 12.5 km. This is in excellent agreement with the

the Tharsis area, the elevations rise dramatically with a results of an ultraviolet spectrometer pressure mapping
concomitant drop in the surface pressure. Measurements scan across Middle Spot which indicated a height of 12 to

432 aurl 436, apparently lying on the Tharsis plateau, 13 km above the surrounding terrain and showed thatindicate a pressure altitude of about 6.7 kin. Measure-
ment 438 taken in the "chandelier" region of the Coprates the highest spot occurs not at the rim of the caldera, but
canyon indicates a pressure altitude of about 10 km with considerably to one side of it. The pressure at the top
a surface pressure of 2 nab. of Middle Spot was found to be ahnost exactly I mb.

Some samples of temperature profiles obtained fromBy coincidence, measurement 434 fell very near the top
of tile volcanic feature known as Middle Spot (Pavonis the intermediate latitude entry measurements are shown
Lacus; Ref. XXXVI-4). The geometry of this occultation in Figs. XXXVI-10 through XXXVI-12. Figure XXXVI-10
is shown in Fig. XXXVI-9. The location of the occultation shows profiles for revolutions 359. to 360 and for revolu-
tangency point for a spherical planet is represented by tion 390, with intervening profiles shown in Fig. XXXVI-7.
the large dot; the dashed line indicates the direction of The temperature profiles for revolutions 352 and 354, the

the radio beam projected on tile surface. It is apparent initial near-grazing occultations, are noisy, and their
that, while the point of tangeney does not fall in the isothermal nature may be due as much to asymmetry
ealdera, the beam actually traverses an area close to the effects upon the inversion process as to the fact that the
caldcra and practically bisects the entire volcanic shield, atmosphere is still in nighttime at this point. It should

482 JPL TECHNICALREPORT32-1550, VOL.IV
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be mentioned that, for the grazing oecultations, five-point tion 436 in the "chandelier" area shows an unexpected
averaging of the Doppler residual data was necessary to inversion near the surface.
obtain meaningful results. Three-point averaging was
used for data of revolution 358 and one-sample/see data Average temperature gradients in the troposphere for
with no averaging were used for all revolutions from 360 all entry measurements are shown in Fig. XXXVI-13. The
to 446; averaging again was used for revolutions 448 and gradients range from 0 to about -3.8°K/kin with no
450, the concluding near-grazing occultations. The pro- apparent correlation with latitude, Mars local time, or
files for revolutions 360 and 390 are similar in nature, as solar elevation angle. These values for the gradient are
expected for similar latitudes and times of day. Figure only slightly higher than those observed during the later
XXXVI-12 shows some profiles for the high elevation portions of the standard mission when the atmosphere
measurements in the Tharsis area. The profile for revolu- was still somewhat dust),, and they are all substantially
tion 428 shows the effect of the instability of one-way below the theoretical adiabatic lapse rate of about
data upon a temperature profile. It nmst be concluded 5*K/km. Although all of these measurements were made
that the slow fluctuations in oscillator frequency tom- at low solar elevation angles, this condition should not have
pletely mask any pertinent temperature profile informa- h,_.d a large effect upon the temperature gradient, if the
tion. A temperature profile for revolution 434 (Middle lower atmosphere is in radiative-convective equilibrium
Spot) is noisy, as expected for data above the 1-mb level. (Ref. XXXVI-5), It appears that, even in a dear Martian

Finally, the profile for the measurement taken at revolu- atmosphere, the temperature gradients are significantly

484 JPL TECHNICALREPORT32-1550, VOk. IV
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Fig. XXXVI-9. Geometry of the occultation on Middle Spot (Pavonis Lacus)oThe picture
was provided by the Mariner 9 TelevisionTeam.

ENTRIES3,52- 360AND390 ' ' _ " ' ' ' ' ' _ I
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Fig.XXXVI-10. Temperature profiles for entry measurements of revolutions
352 to 360, and 390, :'

I

JPL TECHNICAL REPORT 32-1550, VOI. IV 485

_ _ , ' ,..._-_.._ ,. ,

] 973023947-492



] I
|

I
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Fig. XXXVI-11. Temperatureprofiles for entrymeasurements of revolutions 404 to 414.
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Fig. XXXVI.12. Temperature profiles for entry measurements of revolutions 428 to 436. i
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"°t sul,-adiabatic, in f;:ct, tht. ave.att, e gradient of about
' _...,:, --2.3°K/knl for these measuremt, nts is in _ood a_rt't,nu,nt
, with _radients dt'duced tor a radmtwe-dynamieal ,.oth'l

'_! " of the lower atmosphere of .Mars di_cusst, d by. Stone in
Rcf. XXXVI-6.

.m I 01

_ ;I The surtace atmospheric pressures and pressure alti-
I " • • tudes, to,tether with a map t_ivin_ the locations of the

'_ :_; • • nwasurements on the planet's su,'face, ar_. shown in Fie:.F

= • • • XXXVI-14 for the intermcdiate latitude exit measure-

! meats. Temperature profiles representative of the exit me]-
! 01 surernents are shown in Fi_s. XXXVI-15 and XXXVI 16.
i Although five-point smoothin_ of the Doppler residual

,0L data was used durin_ processing of ahnost all of these
_, ,,, _,,_2 ,,. ,_o._, _o _ ,:, .,, exit data, the temperature profiles of Fi_s. XXXVI-15

........... _ '_ '_ _': _ _ '_" _': "" and XXXVI-16 show large fluctuations. These are most
_: •_s,_ ,,_ prol)ably due to tile random fluctuations it] tilt' frequency

'or......................... of the auxiliary oscillator.
I
b

_ It is evident from Fig. XXXVI-2 that 25 of the e×it
measurements occurred in tile south polar area. Although

I the relatively poor quality of the exit data somewhat re-: ; • o
z0_ duces the reliahility of the temperata_re and pressure

[ • measurements, the measured radii are reliable. It can be

I . " seen in "Fable XXXVI-1 that radii inthe south polar area

-i "_° ° average about a381._ kin,or about a.4 km higher than a
I , • corresponding reading in the north polar area. This is veri-
I . ° fled by the measured surface pressures (Fig. XXXVI-17)

' °I • " • _ that cluster around 4 to 5 nab with only a few high values
i around 6 to 8 nab. The corresponding pressure altitudes

,_ referred to the 6.l-rob level are shown in Fig. XXXVI-18,
,,, _ _,, _ ,_., , _ _, _._,_, ,,,_ ,_, _._ _ _ ,., which indicates an altitude of between 2 and 4 km for

_,,_,,,_ _, ,_ ,_ ,_,_ _ o,s,,,t 0_ 0_ ,_ ,_ ,_ ,_ most of the measurements in the south polar region.
_._t.,,_s toc_,_ Although the temperature profiles are not highly reliable,

"°F_ ......... " _- 2 those shown in Fig. XXXVI-16, corresponding to a sam-

I_ pie of the south polar region, indicate temperatures in
the lower atmosphere consistent with the condensation i_

' of carbon dioxide, which is expected for nighttime in the _

. • _ winter at the south pole. _

:i The surface atmospheric temperatures for all entry
' measurements and the more reliable exit measurements

-_0 • ° -_
° ° _ are plotted as a function of latitude in Fig. XXXVI-19.

I The entry temperatures, measured for the most part in _
•_.o " " _ the daytime, show the expected variation in temperature _.

.. with latitude, with a maximum near the sub-solar latitude.

The wide scatter of points probably is due to variations
-_o ......... ___.__ in topography albedo, and other local effects. The exit

,,, n.o ,_.,_, ,., t0 -_, .,_., "_' "r-0 temperatures, measured mostly dining nighttime, show a
_t.l,, ;at IL01 I1._1 11.$6 li',di8 ILO Ii'._ IL_ IL01 I1_

_ _.,.o.rt.m,_._o,.. _,_ ,_ :,t_ _A, _ ,_, 0/_ wider scatter. However, the measurements taken near
_r..,,a_t_,t ,,_ the south pole show temperatures in the vicinity of the

Fig, XXXVI,I_.Temperature gr_dlent_ in the lower atmosphere, condensation temperature of carbon dioxide.
l

• " i'

JPL TECHNICALRI_PORT32.1§_0, goI. IV 487 _'_

[] _ .... _IEL _ I

1973023947-494



• II r -- - II - ;;111 r II I J

I

/i

/

LOW.,11LA_E

180 160 14,0 120 100 _O 60 40 20 0 340 320 300 290 260 240 220 200 iGO

EXITS e 60

i_ 4o
20'

-20.

388 392 44_ _ -40 : 354 :)60 356 372 376 382
; L__ .......................

386 390 446 450 --_l-No--- 358 3_ 368 374 370e

180 150 120 90 60 30 0 330 300 2?0 24Q 210 160

50" 50

4O '_- 4O

• ' ,.,: ,_,'.' " . " , , , ,_i

-4o:",'-'-?'.i "_._ler_ii_B_r'_:_ ,.-_._.._"_-' ,- . :... ','. ,. ,, ,e?P'_'",_:._...._ .., .' ,:_- ; .3o

, e,_" ._o'¢

180° 150' 1204 90 60" 30 O" 330 200- 270 240 210' 180

386 390 446 450 R£VNO 352 358 362 366 372 376 382

388 392 448 ! 354 360 ° 368 374 378
EXITS __ 80

40: o o ot_

i_ 20: °

160_ 160° 140° 120° 100° 60° 60° 40° 20° O" 340" 320 300_ 280_'-260_ 240° 220= 200: 180":

LONGITUDE

Fig.XXXVI-14.Surfaceatmosphericpressureandpressurealtitudefor
intermediatelatitudee_itmeasurements.

In addition to providing information on the lower effect is believed to be due, at least in part, to decreasing

:¢tmosphere pressures and temperatures, as well as mea- signal-to-noise ratio and deterioration of the spacecraft's
surements of the planet's radius, the entry measurements radio transponder. It shut, ld be noted here that the

also provided information on the spatial electron density plasma scale height is more sensitive to radio phase

distribution in the upper atmosphere of Mars. As in the instabilities than any other of the parameters deduced
lower atmosphere, the horizontal refractivity changes from the occultation measurements.
were averaged in the process of computing the vertical
refractivity profile. The effect of the horizontal gradients
on the estimate of the loeal electron density is small Figure XXXVI-21 shows the observed peak electron
compared to the errors produced by noise in the Doppler density versus solar zenith angle. The measurements
residual data. covering the 47° to 57° range were made during the

standard mission, and the data for angles greater than

Figures XXXVI-20 through XXXVI-22 summ,_:'ize the 72 _ were obtained during extended mission I. Also shown
observed properties of the Martian ionosphere. The first in Fig. XXXVI-21 is the expected dependence of the
of these figures shows the top-side plasma scale height peak electron density on the solar zenith angle for an
versus the revolution number. During the first revolu. F_-model ionosphere with a top-side scale height of 39 km,
tions, the measurements yielded seale height values ap- The model calculations assume an effective recombina-

proximately equal to 39 kin. However, the spread of the tion rate coe_cient that :s independent of altitude and

scale height values is seen to increase with time. This a constant EUV flux output from the Sun. As shown ,
;I
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Fig, XXXVI.18. Pressure altitudes for exit measurements in the south polar region,

:i

_,, 490 JPL TECHNICAL REPORT 32.1550, VOL, IV

/

 973023947-497



I _ i1

I

!.
240----F---7---r" _- " T T T I _-_ '- I I I 1 " I ---_

o o o ENIRIES,DAYTIME . .-=-. '•= '= MARINER9DATA K
230 o x EXITS, NIGHTI,ME _ _|_'-_ _ ..... FI-MODEI. IONOSPHERi: r

o o __ ,.6r--._l,,,,_.... -I, _.
.220 o - " F i"% DO _ 1.4 ,i,

O _ I

'_ ZlO cko q _ , .,

: _ oO _ ).0 ">%:O O -_ Z
_ 0 X l

_- : z 0.8- -q !I

190 06 ) o -' ,- , \u_ 0 X u 0.6 • \o o ._

_ l_ 180 _ "" 0.4 _ , = '
_. / !

X /x 0 I , I _ I I I J ,
160 x x _ 50 60 70 80 90 1(30

150 X x x X j SOLARZENITHANGLE,de9
x x VXX ; Fig.XXXVI-21.Peakelectrondensityintheionosphereas a

x { function of solar zenith angle.
140. , _ , _ =_o ,o ;o 30 ,o -;o -._o-50 -,o-9o

LATITUDE,(leg
1o01' [ I I I I '

Fig. XXXVI-19. Surface atmospheric temperatures asa _ = . , . , .vtARINER9 DATA
function of latit.de ..... F1-MODELICNOSPHERE

/

,5o}- / -
_ | /

=. ,0 , , , ,c--n-, , , , _ _ {- _.. /
l 'K/ ,,

z /u_ 50 0 140 • h l = ' --

'u_w" it z it • N /

} :',7",'

j20 { l ' { l _* ' ' I I I q20 40 60 8 360 380 400 420 440 460 _,

ORBITALREVOLUTIONNUMBER < 120 - /

Fig, _X:¢'¢t-20. Topside plasmascale height from all data from

• Mariner 9 occultation measurements, llO I l t I I
50 60 70 80 90 1O0

"_ SOLARZENITHANGLE,de9
cartier, the measurements do not correlate well with ,lay-

to-day changes in 2800-MHz solar flux (Ref. XXXVI-2). Fig. XXXVI-22, Altitude of the ionization peak as a function.f solar zenith angle,
The discontinuity in ' _e dashed curve of Fig. XXXV/.21,

between the two angular intervals covered by the mea-

surements is due to an increase in the Mars-Sun range been caused by a cooling of the atmosphere in the time
during the period frem December 197I to May 1972. interval between the two sets of measurements. A r(,duc,

tion on th(: o,'__er of 25 to 30% in the average atmospheric

The observed changes in tim altitude o_ the ionization te :_perature belo ", the io,)ization peak would be required

peak are shown "n Fig. XXXVI-22, again as a function to explaiD the entire alt..'tudc change. Tim model calcu!a- ,:,,
of the solar zenith angle. The altitude was measured in tion indicated by the drsl:t.d curve of Fig. XXXVI-22 ';

each ease relative to the 3-rob pressure level. The dis- assumes atmospheric cooli_,g to be the cause of tl_e dis. <

continuity in the altitude between 57°'and 72 o may have continuity. However, other possible effects such as a
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de_ easin_ eliective recombination rate coetfiek, nt with _0r . _ ....

altitude also may have contributed to the observed alti- '" '_
rude reduction. _. r t

.... I:

One of the most imp(_rtant aspects of the extended +• oG =" i o s,,_,,,ss,,_:v_,
II O ' 51&',_1¢[_T,_I_SI¢",t_[Ittl i}

mission 1 mt_tsuremcnts is tilt" coverage of the north and ," ,,s" , . "%_ IIsouth polar regions, which is of _reat value in de_nitig r :- °
,ez • Ib ,'_ so o_ o __-- 3t • ic • * •

tilt" shape of the planet. The detailed discuss;on of tilt, -_ _ o e_o o i " * _,_
shape is the subject of a companion paper (Ref. XXXVI-7; _ - o- • i 1t
also see Sectiml XXXVII of this Report)• However, ccr- _ a. • "_ ° "

lain conclusions art" immed:ately evident upon examine- _----r--'-- • • --.z-.---,-- ,.
lion of Figs. XXXVI-_3 a',d XXXVI-2-L Figure XX_XVl-23 ._. '_ oo_.oo o "" _ x [ ....

• , . ., .-_,.SlIOW:_ tilt" pressure altitudes for (,'aeh nle,'lsurellleflt inade ._. _ o o

during the stand,trd mis_oo and extended mission I _,. _ .. _-'_*_
,_ plotted re,•us latitude. Tile points are widely, scattertxl, -,,._ _, i , ti_ra

primarily bt_ause of the effects of topography. However. _ "_ _ _ "_" "_ _ _ -_r , _¢ _ x? _ _¢ _. _
. _ SOl,IN tl_Tx [

¢ it is innnediately olwious that the elevations in tile _outll- t_rr0JOt

'[ era hemisphere are much higher than thosein the north- Fig. XXXVI:23.Pressure altitudesof all Mariner9 occultation ;
; t,m h_-n_isphere• The aihtud'.-s in tile northern hemisphere measurements as a functionof latitude.

:luster primarily around 1 km at low and moderate lati- i
ta_des, dropping to about -3 km at about 60° to 65° and i

returnin_ to about zero altitude at the north pole. In tile hemisphere are those in Hellas (not shown in Fig. [
southerr, hemisphere, lmwexer, most measurements in- XXXVI-23), The same conchtsion is evident From Fig. ,
dit-ate altitudes of about 3 to 4 km in the low and XXXVI-24. which shows the height of each measurement
moderate latitudes and about 2 to 3 km in tile polar relative to the surfa,., of a triaxial ellipsoid. Tile ellipso!d.
regions. In fact, with tile exception of three measnre- computt_l from all n_dius data t_ken during both tile !

meats nc,_r tlle south pole. the only measurements standard and extended missions (Ref. XXXVI-7; also see
indicating large negative elevations in the southern Section XXXVII of this Report), has an equatorial major
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axis of 3400.1'.29l<m, a minor axis of &394.19 kin, a polar Anotl:cr important conclusion su_e._t,.'d Iw the results

radius of 3375.45 kin, and a longitude of the major axis of th_ set of occultation measurements describ(,d here h
of 99.7 _. Agahl, the north/south asymmetr.v is striking, is that temperature gradicnts in the clear atmosphere
with the only low-lying points in the southern hemisphere of .Mars are ol_l)' about one-half of the adiabatic _-radi-

again being those in Hellas. It is thus evident that Mars, ents of 5°K/kin, suggesting that dynamical processes

in addttion to being asymmetrical cquatorially, is also are importallt, j]
significantly asymmetrical in the north and south direc-
tions, with ahnost the enhre southern hemisphere lying This section repleselats a preliminary analysis of data
3 to 4 km hitdwr than the northern hemisphere. This is taken during extended mission I. Additional analysis and i

almost certainly t" ' result of internal activity x_'ithin interpreta_on of these data and results, as well as those f:

.Mat_, and it will undonbtedly be the subject of further taken during the standard mission and extended mission i
study. I1, will be the subjects of future publications.

: t
I
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- XXXVII. Approximationsto the Mean Surface of Mars and
Mars AtmosphereUsingMariner 90ccultations

' D.L. Cain, A. J. Khore. B. L Seidel, M. J. Sykes, and P. M. Wmceshyn
Jet Propulsion Laborator_./Cahiornia Inst=tute of Technology, Pasadena, California 91103

\Vhf,n the Marim'r 9 spact.eraft passed behind .Mars in A. Surface Approximations
its orbiting phase, the radio beam (23(K/-MHz communi-
cation link_ was cut off by some ph.vsical {caturc. Thesc The latitude and longitude of the surface _zrazing point
occultations occurred dm'ing the months of November previously reported were rccomputed to correspond to

and Decembcr 1971 and again in April alitl ._lay 19727 an updated pole direction estimate, obtaint,d from a corn-
The fairly good _lobal spread of these data (see Re[. bination of Earth aml Marim, r observations.-' The new

XXXViI-I: also see Section XXXVI of this Report) was figures for X"/A-" _- Y'-'/B-' _- Z'/C-" -- l. where Z = spin
used herein to estimate tilt' shape of tile .Martian globe, and X-axis pointing (/degrees west o{ the prime meridian,
as definable by mathematkal shapes (ellipsoidal and are:

spheric:,l harmonic_.
A = 3,1(Y3.12(3400.8_ km

The refraction profiles allowed thc .stimation o{ prcs-
:_ sure o.ear the occultatmn point; these, corrected back to B = 3394,19 (3394.7)

an arbih'ary fi_ed value of pressure, chosen to be 6.1 rob, C = 3375.45 (3379..5)
were used as radii to (hopefully) an isobaric surface.

,_ Both sets of radii are given by Kliore et :d, in Ref. 8 = 99,57 ° longitude (103.6)
:' XXX\ ll-I (also see Section XXXVI of this Report). Also,
s tletailed information about methods used were previously
'c -"Theright ascension a, declination %at any time T, Julian Con.

,_- described by Kliore et al. (Rcf. XXXVll-2) and by Cain furies ]pastJanuary I, 1950 (1950,0 Mean Earth Equator and
,_-: et al. (Ref. XXXV[I-3/. Equinox System) were given by ==317,39--0.10!1T,

_ = 52.08- 0.057T, degrees. The rotation rate used was
"_-_' 1Anotherset of occuhationsoccurred later; however, these are still _f0*891962/day and the meridian was 148"7668 east o[ the
_;' being reduced and arc not considered here, . Mara vernalequinox at thesame elx_l.
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Parentlwses indicate previous fi_ures from Cain et el. Table XXXVII-2. Third-order harmoniccoefficients and
IRt,f. XXX\'II-RL Thus. the inclusion of an increased their standard deviations

mnnber of southerly points has decreased tilt, flattening
]dentific.Rion Cot.ttqcient qit_ma

result from f--0.00743 to f = 0.0064. The root mean

squaw ,f tht, differences between the data and this figure C_o, 01 o.99.q060 o,dl1111126
_A'as - txlll. C( l, O} --0.0111|837 (}.|III(IIM(|

C( 1. l _ -0,1100101 0.01_004:2

To obtain a better approximation, a more t_mplex model C( 2.0 _ -o.oo4115 o.00no49
was used, of tile form C('. l ) o.ollo(183 0.o0(1(132

C ( ".2.2 _ - 0.o002811 0.0flop 18

_, C(3, ID - O.flo0118 0.0001161
V rl

: r -= R _ _--_P,,,,,tsin 4,) (C .... cos m,_.- S,,,, sin mA) C(3, 1_ -0.0_0030 0.000025
I ,.-1 ,,:t C (3. :2} -O 1100057 0.111100(t9

i C ( 3, 3 ) 0.(100022 0.000003

' where s( 1, l ) 0.0fl0532 0.000045

S( 2. l _ --0.000141 0.000i)31

R -- a constant (arbitrarily taken as 3393.4 kin) s(2. :2) -0.000154 0.oooo17
s(3. 1 ) -0.o00081 0.000024

P .... = associated Legendre function, e.g., s(3.:21 -0.000048 0.000008

P-.., (Z) = 3Z ( I - Z:) '_ s ( 3.31 -0.000037 I).o000o4

C .... S.... = coefficients adjusted to least-squares fit the
data

¢. x = latitude, longitude (°W) Table XXXVII-3. Fourth-orderharmoniccoefficients andtheir standard deviations

I The results are given in T_bles XXXVII-1 thn,ugh Identification Coe_cient
Sigma

XXXVII-4 for N = 2, 3, 4, and 5. Tile C_, and _.. ,, S,

terms are equivalent to a figure displacen :nt frorq the C(O,O) o.999o46 0.000028

mass center. For a second-order appro:.,mation, tile best c(1, o) -0.000827 0.1100040

fit is displayed southward from tile mass center by 2.85 kin. c( 1, I ) -0.000061 o.0ooo48

There is also an equatorial displacement of about 1.7 km C(2, o) -0.004235 0.000053
in the direction of about 100°W. Tile other models are C(2, 1) 0.000093 0.000033

similar with better fits for higher order as silown in Table C(2, 2) -0.000294 0.000018

XXXVII-5. The resulting mean equatorial mad polar c(3,0) -0.000009 0.000063

equatorial and polar radii for N = 2 (similar for other C(3, 1) -o.oooo01 0.000027

N's) are 3400.66 and 3379.66, giving a tt,attomng value C(3, 2) -o.o00o68 0.000010
of 0.00607. c (3, 3) 0.000015 0.000004

C ( 4, 0 ) 0.000493 0.000076

C ( 4, 1 ) 0.000030 0.000021

TableXXXVII-1. Second-orderharn;oniccoefficients and C (4, 2) 0.000037 0,000000

their standard__'avlations C( 4, 3 ) -0.000004 0.000002

C( 4, 4 ) 0.0000005 0,000006

Identification Coe'._cient Sigma S( 1, 1 ) 0.000364 0,000065

C ( O,0) . ,999004 0,000023 S( 2. 1) - 0.000248 0,000039

C ( I, O) _ - 0.(X10836 0 ,'){J0034 S( 2, 2 ) - 0.000177 0,000018

C( 1, 1) -0,000091 0.000042 S( 3, 1 ) - 0,000030 0.000025

C ( 2, 0) - 0,004049 0.000045 S( 3, 2) - 0,000062 0.000009

C ( 2, 1) 0,0001_ 0.000029 S( 3, 3) - 0.000033 0.000004

C( 2, 2) - o,ooolac o.0o0016 S(4, 1) o.000027 0.000027

S( 1, 1 ) 9,0, ,9509 0.000042 S (4, 2) 0.0000.28 0.000005

S( 2, 1 ) - 0.000236 0.000029 S(4, 3_ .-0.0000011 0.000002

S( 2, 21 - 0.000123 0.000016 S (4, 4 ) 0.000002 0.0000006 '
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Table XXXVII-4. Fifth-order harmonic coefficients and Table XXXVII-5. Details of ,harmonic fit

their standard deviations

.\" EMS fit, km Number of ¢oet_ci(.nts

Identification Coefficient Sigma 2 2.22 9

C ( 0, 0 ) 0.999224 0.000043 3 1.93 16
4 1.73 25

C ( 1, 0 ) --0.000784 0.0000-16
5 1.5"2 36

c ( 1, 1) 0.0000003 0.00oo53 [.
• c (2, o) -0.004303 0.000059 I

: c(2, 1) o.000o16 0.0_036 B, Atmosphere Approximations t
i C(2.2) --0.000389 0.00(}028 The mass center to 6.l-rob pressure distances first were i. I

: C(3, 0) -0.000375 0.000092 fit to an ellipsoid. In the same notation

} C(3, 1) --0.000115 0.000035 A = 3394.67 (,%396.06)km

c(3, 2) -0.000116 0.000012 B = 3393.21 (3395.22) i

C(3, 3) o.noooo9 0.000005 C = 3376.78 (3377.42)

c(4. o) 0.000357 0.000085 = 108.5° longitude (108.5)
¶ C(4, l ) 0.000015 0.000025

C(4,2) 0.000040 0.000007 There is a decrease in the flattening with the new

C(4,3) -0.000002 0.000002 points. Using the average equatorial radius to compute

C(4, 4) 0.o00001 0.0000007 flattening, we get 0.00506, compared to that predicted 1)v
the external gravity field (0.005238; see Ref, XXXVII-4)

C (5, O) 0.000571 0.000119 and assuming hystrostatic equilibrium and uniform atmo-
C(5, 1) 0.000128 0.000023 sphere. The root mean square of the residuals to this fit

,!
C _5, 2 ) 0.0D0011 0.000006 was 1.63 km.

C ( 5, 3 ) (I.000002 0.0000009
C(5. 4) 0.0000001 0.0000002 As before, a small group of radii contributed heavily

to the least sum of squares of the residuals; tweh,e had
c(5,5) -0.0000003 0.00000007 fit errors greater than 3 km. The largest misfit had a
S( 1, 1) 0.000188 0.000089 residual of 6.5 kin. VChat part of these residuals represents
8(2, 1) -0.000558 0.000054 experimental error and what part actual deviation of the

S(2,2) --0.000286 0.000026 isobaric surface from a simple ellipsoid remain to be

S ( 3, 1 ) - 0.000027 0.000027 determined.

S(3,2) -0.000092 0.000011 Higher-order models, the same as above, were tried

s(3, 3) -0.000030 0.000005 out on the 6.1-mb pressure radii, but resulted in no better
s(4, 1) 0.000082 0.000035 fit. The fit did not improve because of the inability (even

8(4, 2) 0.000029 0.000006 when N = 5) to fit the worst point, which was the entry

S(4,3) 0.000001 0.000002 occultation, May 8, 1972, identified as "354N" in Ref.
XXXVII-1 (also see Section XXXVI of this Report) and

s(4,4) 0.000(Io5 0.0000007 indicated as "noisy data." Nearby points in this second
s(5, 1) -0.000050 0.0000"24 series also fit poorly, and so the ellipsoidal shape should

8(5, 2) 0.0000077 0.000005 be considered as good an approximation as is justified at
s(5, 3) -0.0000009 0.0000009 this time. When a good geoidal shape is made available

S(5, 4) 0.000002 0.000000.25 from orbiter tracking, it will be compared to our pressure
radii for purposes of finding whether, or how much, the

S ( 5, 5 ) -0.0000001 0.00000007
6.l-rob pressure surface varies from the geoid.
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XXXVIII. Verification of Performanceof
the Mariner 9 Television Cameras

T. E. Thorpe
JetPropulsionLaboratory/CaliformaInstituteofTechnology,Pasadena,California91103

Having successfully completed its landmark mission, formats and electronics (see Table XXXVIII-1). Two sets
tile Mariner 9 spacecraft transmitted to Earth the last of of optics of differing focal lengths (10:1) were used to
more than 730[) pictures on October 17, 1972. These photograph Mars from orbital altitudes of 1200 to 5000
observations will yield a quantitative, as well as a quali- km twice each day (60 frames). After 4 months of oper-
tative, description of the planet Mars, providing the ations in orbit (November 14, 1971, to March 20, 1972
reliability of camera performance is assessed. As with its GMT), photography was curtailed because of passage of
predecessors (Mariner_ 6 and 7), the Mariner 9 television the spacecraft through tile Martian umbra (April to May
eal) 'as received extensive preflight calibration. These 1972) and solar conjunction (August to September 1972).

da" , pern';_ removal of the instrument signature from During tim months of June, July, and October, however, _'
tile telem_ ._,y by correcting nonlinearities measured several hundred additional pictures were obtained to ,,
months earlier. Significant _eometrie and photometric complement the standard mission. Table XXXVIII-2 ;_
distortions may consequently be corrected once the appli- summarizes camera operation.
cability of preflight measurements to flight conditions has _

._:

been verified. The extended operational lifetim,, of this Tile Mariner preflight television calibration effort con-

_'i_," spacecrat" has emphasized tile need for frequent health sisted primarily of 14 camera performance tests: five at _j,:_ checks and tile dimculties in obtaining relevant photog- room temperature ("bench"), and nine environmental,
'_ ' raphv. It is evident that {uture deep space exploration producing _: total of more than 7000 pictures (Ref,

must incorporate scheduled verification sequences to XXXVIII-3). These data are categorized in Table

' utilize calibration values. XXXVIII-8 with various planning, operation, and deeali-
bration uses.

Tim Mariner 9 television experiment has been described
_"_ previously (see Ref. XXXVIII-1). The cameras, similar Inflight verification began with playback of calibration ,
._"' ' to those used on Mariners6 and 7 (Ref. XXXVIII-2), con- pictures tape recorded before launch on September 29,

_.' sist of two slow-scan vidicons with identical picture 1972. The significant verification events that followed '._
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TableXXXVIII-I. Opticalparameters

Parameters _A'ide-anglccamera Narr,),,v.,u_le
(-',HII_'F,L

Focallength,mm 52.267 500.636

//munl_er 4.(I 2.35

T/numl)cr 4.46 3.55

' Fiekl i_tview, (leg 13.47 X 1(I.45 1.41 _, 1.0.q

i Target size, mm 9.6 X 12.5 .q.(_× 12..5
Numberof scan lines 70(I 711(I

i Numhei r)f sampk's/line 822 832
,_ geadout time,scc 42 42

Shutter speeds, sec 0.0(13to 6.144 0.(|113to 6.144

Filters (Effectivewavelengtha )
Filter position (Fp) "_ 4 6 8
.Mediumbandpass 0.610, 1).545,0.477, 0.414
Filter position (Fp) I 3 5 7
Broad bandpass I).560 0.565 (I.565 (I.565 0.588

Wide-anglecamera polarizationfilter angle with
vertical (line) axis Fp3 = 0° Fp5 - o(;_ Fp7-'- 12(1°

:'Solarspectral irradiance.

TableXXXVIII-2.Standardmission performancedata also gave an early assessment of focus, system noise inter-
for launchthroughMarch31, 1972 ference, and residual image. Saturn calibration followed

shortly thereafter, and produced images of Saturn at
Total picturestaken (through revolntion 262) 10,364 several shutter speeds and locations within the field of

Fiher position 1 2 3 4 5 6 7 8 view. These data indicated the camera's ability to pro-

Pieturc_recewed duce a response proportional to illuminance, regardless
fromwide, angle of signal strength. This "light transfer" characteristic
camera 11 1,158 24 109 1,588 95 18 359 3,486 evaluation (analog of the fihn H and D curve) was espe-

Pictures received cially valuable because the data source was independent
from narrow-angle of the future Mars pbotography. Mars calibrations (Mars
camera 3.362 calibrations I and I1) were similar sequences directed

toward Mars, while the planet still appeared small in size.Total pictures received 6,848
These data were intended to complete the comparison

Shutteroperations (included falseshutters) 13,186 link between Mariner Saturn and Mars orbital photog-
Filter-wheeloperations 1,400 raphy and Earth-based observations of both planets.
Televisionsubsystemontime, hr 3,533 Finally, during orbital operations, several instances of

Beamon time, hr 651 repeated photography of isolated regions on Mars gave
additional information concerning light transfer and

spectral and modulation transfer camera properties.
These sequences are summarized in Table XXXVIII-4.

consisted of four types of photography. Scan calibrations ;
J_

(scan calibrations I and II)were special picture-taking Although these sequences provided a total of 270
sequences designed to determine the accuracy with frames, verification of performance was limited by the i
which the Mariner 9 science instruments could be directed following considerations:
toward specific targets (Ref. XXXVIII-4). Photography

of star fields provided this information and, in addition (I) Ahnost 70% of this picture subset was taken before t

to permitting an evaluation of camera pointing accuracy, orbit insertion. When the Martian dust storm had I

500 JPL TECHNICALREPORT32"1550,VOL. IV 1

: I

" m

1973023947-507



I

Table XXXVIII-3. Calibration measurementsand uses

Calibration Pre;ii_tht planning ose Nlis_mnoperations u_e i'(_t-ilight (lecalibration use

Light transfer Exposvre Exposure radiance

Shading Exposure Mosaic Radi,mee over field of view

] Spectral response Sequence planning Fiher-wheel analysis Spectral photometry

Stray light Satellite photography planning Pre-orbital science satellite Radiance i

: pictures

i Residual image -- Picture sequencing, false Radianceshutter recGrding

! Reseau pattern Geodesy, cartography l'ointing accuracy Geometric distortion

Focal plane scale Cartography POGASIS a footprints --

i Modulation transfer function Resolntion Light-level dependency for Eohancement
narrow-angle canlera

t Point spread fimetion Star photography Detection threshold
Shutter response -- _ Radiance

_' Alignment POGASISa Non-TV instrument offsets

Noise power spectra Nine-I)it encoding Coherent noise identification --

Aging Star calibration turn-ons Weekly extended mission --
tllrn-ons

;'POGASIS is a navigational forecast computer program.

Table XXXVIII-4. Calibration verification sequences

Numl)er of

Sequence Date Description pictures

AFETR playback 9/29/71 Telemetry test 30

Scan calibration 1 10/1/71 Narrow-angle camera calibration 31

Pointing accuracy

Point source i:nagery

Noise analysis, geometry

Residual image
Scan calibration 1I 10/8/71 Narrow-angle camera calibration 32

Pointing aecuraey

Point source imagery

Residual image

Saturn calibration _14/71 Light transfer, residual image shading 31

Mars calibration I 11/9/71 Narrow-angle camera: shading light transfer ,33

Mars calibration II 11/10/71 Wide-angle camera: shading light transfer, filter positions 2, 8 30

Revolution 6 11/16/7o_, Wide.angle camera: filter position 2, light transfer 8

Revolution 7 11/17/71 Wide-angle camera: filter positions 1, 2, 3, 7, 8, light transfer 21

Narrow-angle camera: point source 10

Revolution 72 12120/71 Narrow-angle camera: point source 18

Revolution 7B 12/22/71 Wide-angle camera: filter position 2, light transfer 8

Revolution 225 3/5/72 Narrow-angle camera: light transfer 14

Wide-angle camera: light transfer 3
\.
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cleared sufficiently to pt.rnfit mapping of tilt, planet, p()sitions with l)reflight calibration at (.quiv, h,nt }i_ht
the priority of nb_ervin_ topography prevented levels. Tilt"displacement measured in television linvs and
additional verification sequences. Const'quently, pixt,ls is _tvt,n nt Table XXXVIII-5. Fi_mcs XXXVIII-I
litth' information exists to describt' (luantit_tivelv and XXXVIII-2 disphly the change in rest,au pattern
calnera op('ration as a function t)f mission date or t'xhibited I)v these ttight data,

camera usage in flight.

(0) Tilt' number of 1)ictures taken does not r(,flt,ct the l)urin_ tilt' _round ealil)rations of Marillers (L 7, and 9,
extent of the data availal_le to verify a _iven cali- these n'seau positions also were found to 1)e dept'ndent

; bration parameter: i.e., all pre-insertion data pro- upon exposure. A shift of about :3 pixels to hi_ht'r line ['
duced images which represent a very small fraction valut,s occurred during tilt' transition from threshokl to

t of the fiekl of view, and hence significant spatial saturation light lt'vels, and prolml)ly was due to a residual
extrapolation is necessary over the vidicon format, charge on tile vidieon t;_-gct bending the read beam.

: hdlight photot_raphy rt'vealcd a similar displacement.
i (3) .Many of tilt' calibration parameters require large Figures XXXVIII-:3 and XXXVIlI-4 show wide- and

numbers of frames per image location; e.g., a single narrow-angle-camera reseau displacements (magnified
• litdlt-transfer verification at five points within the

field of view (usinK four light levels) necessitates

20 pictures per camera and filter position. Table XIO(VIII-5.Inflight change in raster position (displace-
mentsmeasuredin televisionlinesandpictureelements)

Hence, only limited operational modes under optimal
conditions could be cb,'cked.

\Vide-an_le Narrow-,m.ule
Displacement

C'dln('Flt u;.Inl t_Fit

A. GeometricDistortions Vertical(lines) *2.44+--().m
The ability of a television camera to reproduce it,rage Horizontal (pixels) -3.61 _(1.(11 2178m0.01

locations with the same geometric relationship as exists Clockwiserotation, mrad 0.58--+0.1 3.6 _0.1
in object space is of vital importance to Martian cartog-
raphy. Geometric distortions were measurable in both Scale (enlargement),% -0.14 <0.I

Mariner cameras by locating a reference pattern on flight
photographs and comparing its appearance with calibra-
tion pictures. Star images also provided geometric con-
sistency checks at selected locations within the field of _" ..... " ''_"............................. :'-:': ......................." .......

view. No apparent change from the preflight calibration .. ""
of geometric behavior was observed in flight data • "

for either camera to a measurable accuracy of 1 pixel L
(picture element),

1. Reseau Measurement i

To provide geometric refer_ nee, a pattern of rcseau , i
marks was deposited on tile photoconducting surface "
of each vidieon. This array of 111 points (wide-angle

camera) and 68 points (narrow-angle camera) was .•
measured to a position accuracy of 10-s ram, and hence

reve,aled any nonlinearities in the electronic readout scan. I, _ ',
, Distortion correction requires recognition of these points _ | .

' in flight data by automated computer programs. Succes- , .
sful "decalibration" verified their consistent appearance ,i

;. throughout the mission. _............................................ ".......................................................... :.
Fig. XXXVIII-I. Wide-angle-cameraraster shift, More distinct ,_

marksare reseaulocationsmeasuredduringpreflightbenchA raster shift, occurring as a consequenceof leaving calibrations.Lessdistinct marks are reseaulocationsof a
Earth's magnetic field, was observed by comparing reseau typicalflightpicture. '_
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I0") athmr sl_uallevels(datamnalwrs 30,I(X),280, '..........................'..........•................"'-

3S0),a_observedon revoluti-u_o.76.o(X).and 025.

.-\sa n._ult,ithasbeen possibh'toremove'allremain-

m_ _cometric di._tortions mthc' process of decalibration

to an accuracy ot 1 pi×el ....

t

k¢

- °

' ]i_-',_ . .' Fig. XXXVIII-4.Reseaulocationsvs light levelfor the narrow-| , ;
•o . ,," anglecamera,DisplacementsareexaggeratedlOx.

.-J

-" - - 2. Star Field Verification

: " . , The star field photography provided by scan ealibra-
--. _ '- tions I and II was also useful in revealing geometric

• distortions. Star images provid.e the inverse appearance
to a reseau pattern and may be used for low li,_ht-level

Fig.XXXVIII-2.Narrow-angle-camerarastershift. Moredistinct measurement. Unfortu.. ttely, because of partial imam,.
marks are reseau locations of a typical inflight picture. Less
distinctmarksare locationsmeasuredduringpreflightbench erasure by adjacent readout scamfing and convolution
calibrations, effects within tlw read beam, even faint stars appear

asymmetrical and several pixcls in size (Ref. XXXVIII-5).

A minimum dispersion of l pixel exists in the measure-
j...............,.............,,..,_.-,t.........,-,,.,,.,...,..............,,..,,.,..,.........t..............,....,..............,,.,.h.........,,,.,t....... ment of the separation of the centers of any two star

i ! ii i" ii !I I'''I II II "I." " !! images,evident and no residual distortion was consequently' An additional geometric distortion is produced by

-.. ". : .. deflection of read beam electrons in ttv, presence of a

_. ". ,: . . ...: large t'u'get change discontinuity. This phenomenon was
-" - especially noticeable for star images well abow, satura-

i. .. . ',. ".. ", " ". " tion (+4.0 magnitude), until e_tended image character- .
.: - . -. ,

•-.; istics became evident ('-1.0 magnitude). The asym--. % : '. ".,

: metrical appearance of typical star profiles inmged by the

:'. "- " " ". ' ", narrow-angle camera (Fig, XXXVIII-5) suggests the fol-
-'- • " lowing vertical bias:-. .. ,, ...

•" " : : - Displacement(Lines) = (BIB,,,.t,,,,,,io,) 'i' "' ,.

I_..............;,.,.,................:,.,..................i:.,._,....,_,.,,....J.........,-.,,,,.-...._............_,"-."-' ........,,'"- where B = image brightness, As a consequence, residual ""

Fig.XXXVIII-3.Reseaulocationsvslightlevelforthewide.angle star images on subsequent pictures were displaced from
camera.Displacementsareexaggerated10x. the original picture location, ,-_:.,
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xozoNTtBPhoomercPerormance
Photonwtric performance may be d('seriherl with

_" respect toboth consistency with prelti_ht ealibratio_l and
- the accuracy in representing a realistic luminance cnvi-
_ ronment. The ability of tilt' television subsystem to pro-
O " "

z. duce a consistent signal output as a function of light h.vel
_z \\ \ vlsuat or position within tilt' field of view is defined as the

/ 6.4_ _ M_,Gt,IIIUt)E relative light - transfer response. Infli_ht p(.rfornlanee

i _ agreement with preflight measurenwnt, therefore, indi-
i _" cates the , ,ree of similarity in transfer curve shape

across tilt, field of view or the expectation that a Kiven
i 0 I 2 3 4 5 6 7 s 9 1'0 1_ signal output bears the same relation to input luminance,

i PIXEt as measured in prt'flitdlt tests. Absolute photome-
i try refers to tile aceurae.v with which this signal can be

-_ interpreted as source radiance information. Such perfor-

VERTICAL i. mance implies frame-to-frame fidelity, knowledge of

spectral sensitivity, and a predictable signal-flux efficiency.

I \X _N MAGNITUDE 1. Relative Light-Transfer Response

_Z / 5.4__.9_XX _ Mariner 9 television inflight response appears con-

sistent to within "95% of preflight measurement for thc
z wide-angle camera and to within 15% for the narrow-
o angle camera over the dynamic range of each system._,

i-J _--_ _ i Fi,'e areas across the field of view of eaell_eamera were

. , : t I t t I t t I I I I analyzed (center and four corners) using several photo-
o 1 2 z 4 5 6 7 s 9 lo 11 graphic sequences. Successive overlapping pictures taken

IVLINE far from periapsis were used to place a feature of con-

Fig, XXXVIII-5.Wide-anglecamerastarimageprofiles, stant luminance geometry at these positions. For example,
pictures taken in succession on revolutions 119 through 125

show a given surface feature moving diagonaUy from left

The establishment of accurate locations within the to right across the field of view, and on rc,'olutions 250

camera field of view permits the determination of orbit- through 262 from right to left, with little change in view-

surface geometry required to rephotograph selected tar- ing geometry. Mars calibration II also provided a constant

gets. Before entering the Mars gravitational field and scenewith which to cheek preflight light-transfer calibra-
following the initial star photography to verify spacecraft tion at several light levels.

trajectory, pointing accuracy was as follows (Ref.
Figure XXXVIII-6 displays the current best estimate

XXXVIII-4): of inflight w!de-angle camera response through filter
position 2 (X = 0.610/,m) and narrow-angle camera (cen-

RMS pointing controh 0.486 ° cone; 0.878 ° cross cone. ter of field of view). Because of the loss of filter wheel
control on revolution 118, a similar set of measurements

RMS pointing knowledge: 0.158 ° cone; 0.096 cross cone. was made for all filter positions and revealed a lockup in
position 5 (polarizing 60°). The lack of temperai.ure

Once in orbit, however, surface feature photography was calibration for this filter, however, has resulted in decali-

subiect to a combination of effects caused by orbit residu- bration using "bench" data (Fig. XXXVIII-7). It may be
als, Mars rotational period uncertainty, timmg constraints, seen that the effect of equivalent environmental tempera-

platform stepping increments, and limit cycle. After 6 tare on a similar filter gives better t*greement with

months of orbital photography, pointing control was about observations and suggests that deealibration without
___0.8° RMS. temperature data for this filter yields luminosities 29(_,

,1
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1,00o! Confirm:alien ol- rel ;ivt' photomt.tric pcrior)n.nu.(. ),
provndt.d indep('ndt'nfiv I)x" analysis ,)t a d.st sp,'ck

C_NTER¢F .ff" _ shadow. Use of pretti_ht liOIt-tranq,-r c'.,hl)r_t1_1_c,,

FIELD OF VIEV,' / /
i _ convert ",v_de-an_le c'am_'ra cl.tta to mt<,n.s_tv prol_c_rt,m.d
: _ _.. zero _ nunib('rs re,ult, in a shadow c'ontr;tst ,,t,',,ttio,, t,(),,, , t-

_ CALIBRATIL,/_BSERVFD; z i/" _,c/c. The ratio of apparent c'mltrast to true c'ontr,tst i_ .t

, _< 100 /" i : / " - derivative of the fimction relatin<x tl." q_nal to a hl,',u"
< /;\ARRO ,'/-At, GI. E/V,q D E-_N GLE

1 e --," C_ME_ // CAMER,_ photohwt.ic scah'. As the apparent contra_t is a mmim,m

_< // CENrE_OF near mid-scale, the c.alilxation li_ht-t,'ansh,r c't,,','_'sh<,uh? ,.
CALLBqAIlON_// FIELDOF'.'IEW b(' shifted to a _rc'ater data number tDX/ at h,_h .rod

i OBSERVED (FILTER POSITION 2t h)w raw DX levels. I

,_

j 10............................ Star .sequ(,nlees also _ax'e an indication of the cam,'ra', 'lO I00 1,0.rY' I0,000

"_ LLMINANCE PROPORTIONAL DATA NUMBER consistent lic_ht-transfer response performance v'ith llsl_t
t h'vel for point sources (R':f. XXXVII1-5L l:i_m'e ,

Fig. XXXVIiI-6. Light-transfer response of wide-and-narrow. XXX\'(II-S slmws, however, that image motion ( ])t'C't'IH-
anglecameras, ber 20 data revealecl 3 pixels of smear/ and the read !

Ix'am intcraction with small charge distributions pro-

duee a large data dispersion, making applicability to ]
v,ooo:.- .......... .Marsdata uncertain, i

SIMILAR 2. AbsolutePhotometry

- _ FILTER

AT5°C The relation of decalibrated signal to lutninositv, in

addition to being of value to sei('nee interpretation, pro-

rides verification of exposure times, franle-to-frame

photometric consistency, and filter factors.

z lu0 Absolute photometry requires precise knowledge of all

transmitting and respondin_ elemen_ts as a fnnctiou ot
radiance, wavelength, and temperature. The convolution
O[ lnany small error sources, e._., calibration _Olll'(.,(.
radiance vs lifetime may produce uncertainties a_
large as the in situ spacecn,qt health.

I

5°C SO0 _ ....... •

10 100 i ,000
, A

LUMINANCE PROPORTIONAL DATA NUMBER _0o

,o, •Fig. XXXVIII-7, Light.transfer responseof wide-anglecamera, _ ',oo
filter position 5. z ,_ _ , , .".

•: _ , O DECD,,'BE

:/' _ %0

too low. At ir,termediate signal levels, the response near

the corners of pictures taken by this camera has also _0 -,
changed (shading). Generally speaking, the right side of

the vidicon appears sonaewhat less sensitive than the left _01 _ ,, _ , , ......
side. This "wedge-slmped" response may be a nonuniform S.O ;.0 _.0 S.O _.0 _.0 _ ',

_, t._rget charge buildup as a consequence of the typical V,SUAt_AGN,'tU0_

plmtographic mode, which always placed the right side Fig. IO(XVIII-8. Maximum amplitude response (6.144 sec) of
of the picture closest to the Martian terminator, narrow.angle camera.
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B_th Irramc-to-frame signal consistency and repeat- Thcse three mt_tsurements suggcst consistent camera

abi!it-" over the th, tx' star-l)hoto_rapl,v sequeuce._ suggest performance in spite of c_dil)ration source differences.
l_

small olwratiomd variant, e at exposures of 6.144 st.c. Thv Using data prt'M'nted in t}d_ document. Mariner 9 photo- _.
.Lda scatter indit:ttcs a phctm, elfieieney [(S/N)'r/ lnetric measuremelits of Mars have achieved 15% tl,,)

_S/.\'Y ] of 4 _" 10-' at mid-scale _fifth mat_oitudeL At accuracy under limited conditions. These include: opti- e
the 5%-of-:aturation level t7 DX above dark eurrentL mization of signal strent_th t'_00 to 275 DN_: location

limiti,_g mat. fitaitles corresl_md to :4.0 (wide angle._ withiL ±200 pixels of camera line of sigh_: use of stan- [_14

and -8.6 tl_arrow angle), d,rd shutter speeds: and nominal operational tempera-

lures twide-an'_le c" mere, 7.2_C: narrow-angle, 10°C).
Althouo_.h " " i' ....... !after than _tqr__a{Ullt pFCS(:|lt_ a|l .... _. .

on narrow-antde pictures, its ring system atld_ ,m "m- 3, Spectral Response #_!
known _ntrihution ',o the inteqrattxl respo,_r. L'si: ,z

the avera_t, of the two largt_t image DX 3"'lds d_.cai.- The relative response differences through each of the P

bratty! DN/fI-L conversion factor of 1.77:2 _versu, 1.$59 medium bandp;tss filters (Fdter positions 2. 4. 6 and 8) of f
Fredieted). Similar values to _10% RhlS art" -htained tile wide-angle camera have been compared with predic- r

over the range of 96- to 768-reset ,huttcr spccd. How- tion b_tsed on telescopic spectral observations of Nla_

ever. larger diserepanclt_s ,nay exi.,t ,it ,pccds more (Ref. XXXVIII-6L A surveyor wide-angle orbital pictures [

_, t) pitad of Mars photography (6 to 24 msc,_-), through revolution 130 was made to select samples with ;

._ viewing parameters constant to within a few degrees.
Verification of absolute performauce using Mars itself The dccalibrattxl data numbers were divided by the

implies kaaowledge of the phmet radiance at a specific camera response to the spectral luminance of a calibre-

viewing geometry. This requirement was difficult to tion 13-cm (5-iiL_ light source and normalized to filter

satisfy because of the added brightness contributed by position 2 (orange filter) photography. Evaluation of the

-" the dust storm to what is, at best, a poorly known photo- response using filter positions 3, 5, and 7 (polarizing

metric function. Corrcctiu_ all the above photometrie filters) was less extensive because of lack of inflight

• nonlinearities in tiae Mariner data yields luminosity mea- photography and sparse calibration data. Only a few

surements to within _ 11% RMS of the predicted Mars" pola,-izing pictures have been taken at viewing geometries
brightness folloxving revolution 100 at phase angles oh- comparable to spectral photography. (Table XXXVIII-6

servable from Earth. summarizes these results.) Nevertheless, with the exce b-

Table X](XVIII-6. Spectral responseusing similar viewinggeometry

Example: Revolution95

Average Mode Reduced
Pichl_e Filter Ph_e Incidence View Range, Shutter histogram histogram DN

angle, deg angle, deg angle, deg km speed, msee video video average

' 1"2 6 63.4 34.8 27.9 3050 48 304 260 132 ;
!4 8 63.4 34.5 28.7 2.950 48 160 130 140

16 2 63.3 33.9 30._. "9.2850 48 308 260 165

-- , o j A.qt._ 33.4 32.3 2750 48 258 210 85

Response _
• .2

Subsystem
Effective Filter position/ Observed measurements, :i_

_:._,- wavelength, t_m filter position 2 DN/DN ( Fp 2 ) DN/DN ( Fp _ ) _'

;)] 0.545 4 0.82 _ 0.02 0.83

_i;_ 0.477 6 0.92"4-0.02 0.93

.... 0.414 8 0.45±0.02 I,.55 ,__!'' 0.565 5 1.28 _ 00q 1.20

_ , 0.565 3 1.35 _- 0.02 1.32
0.565 7 1.275 -----0.02 1.25
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tioll of [iltt'r pll.qti¢ln S, tilt' l_relli_ht camera Slwctr, iI _ " .

r,'sl,,,,,s<' h:,, I,,.,t,n ,','ri[i,'d t,i withii/ ,h," ,,lls<'rv<il,h, . " "_. -_':'.'L ._;':. i :- ; :;:_3]..,tt'llr;lt-V (_,('(' "l:il)lt" .\.\.\VIII-6_. Filter posititlll _ _iuh,t , ;.--_ .......... '--. :- _

tiltt'rl lifO(luted il ](l:l_-tt'rlil chall_t, ill rt'._.lllillSt, in tilt, ., -' ." ' -_:

V_tt-tlllln t.llVillllllll('nt. This ol)+_t.r%atiOll has Ill't'll dnl)li- " . .; ''

t',ttt'tt in t':tlillratiinl tt'sts alld alli),'-il'S to lit' a t-hallt_e ill "' ...:; - -. i
filtcr tl',lllSliils,siotl at tilt" shorti'st t_, "t'lt'nKths..

__.,. - - : .... I

I

- 4. Shutter Speed . ,' [
I

.....A t'hall_e hi shutter SlX't'd will p,e_!v<..,.• ,in aPlxirvnt .-" " - _ ii
tllltt'rt'llCt" in t-alllt'r-'t st,llsitivitv. ['sin_ fti3ht data. it is --e_, ., " .f

: ditticult til dilferentiate thi_ oc't.llrl't'llCt, fr./nl a possibh, -._. '.-.. ;
chan_e in vidicon st,nsitivit)'. Sequenc't's tll:tt involve, _ . I
l:l]lotot._rapliy tit t!!t" S;IIIII' St't'lll_' untlt'r t.llnll'larallh, ii_ht- $..nl • "'" : .,

in 7 condition._ at two Ill" nlorl' shuttcr spccds create two --_ 1 :widely t{it[er#.'llt si_lla[ h,vl,l<. Hl'neP. it chan_e ill the , ;_ . " " ....

ilrt.dietvd signal ratio lie illla_l's piloto_ral)ht,d tit 0 and '

12 iIIsec may, in fact, be a conscqucnce o[ vidieon light- Fig. XXXVIII-9. Veiling glare picture of Mars and Phobos taken

transft'r chaiigt,s, by the narrow-angle camera.

It a consistent dit[ercnce is pr('sent ill all shutter speed_

at tile shllrter e'q)osurt'. Conlparison then nlav bo ma(ll"

between it scene photographed ill 6 alld 1"_ IllSeO and "_-_--_. " "

subscqul'ntl)" rephotoeraplled at lowt, r hnninositv Stleh t_

• ttmt a ]_- all(! 24-111st'(,1)ioture pair prodllces tile s;.lllle _i_.

signal levels..4n)" t.hail_, will be a const'(lut'nee of shtilter

variation, providt, d t]lat cainei'a l)aranletors and _urface

l'(,fit'ctant'e hilvt, renlilillt'd c.onstant (hlrin_ the interval.
J t_gnsistent ratio was olltaint'(I with t'itiler shutter speed

conil)inalion to __l:c_. Pi'eviou_; life testing of tile

shutter l)'pe bein,g used Oil .1[flriller 9 has shown that tile

e_pt'cted nunibt'r of shutt('r actuations would be more

than 150.000 with 50% reliability. Throu.l.r,h testin_ and

fligilt operalions, .llorhler 9 television shutter acklations

were apl)roxinlatt'ly 4:2,000 per eanlel'a, with 100%

reliability. \

5. Veiling Glore and Stray Light Fig.XXXVIII-IO. Narrow-angleveiling glare pictures with

Veiling glare in tilt" presence of strong illumination brightness contours (16-DN intervHs),

was appa;ent in several pre-orbital narrow-allgle pictures

and il_ larly limb pictures (wide angle). However, be- tion with adjacent brightness contours at 16-DN intervals.
eatlst' optical scattering amounts to only a few percent, The calculated intensity indicated a maximum glare of

images of tile limb of Mars at several times saturation 3.0% clearly discernible from atmospheric reflectance. ,i
intensity were required to produce a measurable loss of

contrast with background space. 6, Blooming _'>

t • • j ,Narro_-an_le-canlt ra veiling i_lare was ineasured oil Overexposure produces some chaige spreading on the

',: a picture selected from pre-orbital photography of tile inner target surface of most television eiuneras. Stick -"
Martian satellites. Figures XXXVIII-9 and XXXVIII-10 transfer is minimized in vidicons, however, owing to tile _
show an image of the Martian terminator at 10X satura- high surface resistivity (10 t'_ ohm-era). Preflight camera t_
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"; Fig.XXXVlII-11.Modulation-t_nsferfunctionof wide-anglecamera.
i

measurements indicated that a point source inaage will t.o -___ _ _ )
.ncrease in size proportional to the one-quarter power __
of the brightness-to-saturation brightness ratio (Ref.

XXXVII[-5). lnflight pictures taken with the narrow- o.s_ _a]agle camera of both stars (0 to 45× saturation) and

Deimos (32X saturation) confirm this prediction. _ o., __,,_. _N_
"" _ STARS A_ CH

7. Modulation-Transfer Function o= x_-,,,,,

The modulation transfer of each camera was evaluated _ 0.4 _ .,_. -_
using Fourier transforms of edge tracings across moderate-

and-high-contrast features (wide-angle camera) and point o.2 ""'x _ ._
source images (narrow-angle camera). _

I I ] '

Response of the wide-angle camera was measured ini- o tp= _0 20 3o ,
tially with pre-orbital limb profiles on pictures taken at F_OtZNCr !
distances such that a 30-kin atmosphere would subtend Fig.XXXVIII.12.Modulation-transferfunction of ;
an angle of less than 0.1 pixel. These data were combined narrow.anglecamera.
with polar-cap-edge traces to yield contrasts more typical

of calibration targets. Figure XXXVIII-11 indicates good i
agreement with bench calibration in both filter positions C. Electronic Performance
2 and 8.

1, Dark Current
The modulation-transfer function of the narrow-angle

camera at intermediate light levels also appears con- The vidicons were closely monitored during the mis- i
sistent with prediction (Fig. XXXVIII-12). Above mid- sion; small variations in dark current, observed through ,_
scale signal to noise, a loss of image modulation rapidly . the use of the average video telemetry, have been noted
occurs. This light-level dependency was first observed along with the cathode current telemetry data. Visual

in bench testing and is apparent in both ]napping pie- inspection of typical picture DN listings showing black
tures and star p}aotography. Both sets of measurements space reveals a background DN level of 14 (wide angle) t
indicate, to the accuracy of available data, that no change and 17 (narrow angle). However, the dark currents de-
in either optical or electronic locus has occurred through creased some by the end of the mission (wide-angle _i
14 months of mission operations, camera = 9.7.1%; narrow-angle camera = 31.1%).
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2, Noise ,.oo ......
show no significant deviations _.0oj- _Computed power spectra

from preflight camera performance during tht" standard l_

,nission. _Aridt._and narrow.an_le canlera sl_ectra in Figs. _, _o._ " il
XXXVIII-I:3 and XXXVIII-14 show no new coherent _ I SI,';,_(0N__.9S07

noise components when compared with preflight calibra- _= e.0c _ ;

tion. Random noise indicated by power spectra and black _ HORIZONTALNOISESPECTI_-U&.%C-r."ai'EF' t. sl

space photography (variations within the dark current) ._
was 0.6 DN R.MS (wide-angle camera) and 1.2 DN RMS [

(narrow-angle cameraL Typical contrast-enhanced flight 4.0c _ -_
pictures revcal coherent noise (vertical bars) with ampli- [

rude 2 DN RMS. This source is a consequence of a beat _.0c _ ibetween tile carrier frequency (28.8 kHz) with a hat- l
monic of the spacecraft power frequency (2.4 kHz). °'°°o.0oo.o5 030 o._5 o._o o._s' o.3o_o.35_ o._o o.,s o.sd
Oceasionall.v. an interference at approximately 8-see inter- FREQUENCY, Hz

vals is noticeable clurin_ the television readout (0.05 Fig. XXXVUI-13.Noise nower spectra of wide-angle camera.
, cycles/sample; 5- to :30-DN amplitude). This noise is pro-

duced by mechanical vibrations of the ultraviolet spec-
t " I

trometer (UVS) mirror, is transmitted to the television "'_--' .....

subsystem through the scan platform, and results in
microphonic iiuise occurring in the vidieon during peri- _.oQ I

ods of UVS observation. This interfere.Ice was the only
d. 10.0C MEAN (0NI : 242.4_50 -_

• new noise component detected following launch, z SI_(ON)__..,_l !

HORIZONTAL NOISE SPECTRUM,CENTER i3. CathodeCurrent

I Cathode currents of the wide- and narrow-angle cam- =_ I
era vidicons exhibited a slow, but steady, decline (18

namp/day) through niostofthenlission. The total de- '_'_ __

crease in both vidicon cathode currents was 21.5% for t

the wide-angle camera and 25.4% for the narrow-angle _'_

camera (erase current value). This decrease was not o., ____a_ , _ , _ , , , _
detrimental to the image quality because of the 400% o.0oo.os o._o o._s o._o 0._s o._o o._s o.,0 o._ o._o
over-beaming that was provided in the subsystem to mini- _QUENCV.,=
mize tile effects of decreases in cathode emission. Fig, XXXVIII-14.Noise powerspectra of narrow-angle camera. :

The continuing decrease in cathode emission could impair precise photometric analysis, has been observed. _
have determined the lifetime of tile cameras. However, Hence, only qualified photometric measurement aFpears
at tile observed rate of decrease, operation was possible feasible under limited conditions. Conversely, certain i
for an additional 1.9 years beyond the extended mission, geometric and electronic parameters appear both mea-

surable and congruent with prefight predicEon. The

D. Conclusions role of inflight verification has been emphasized by these i
data to assess the in situ camera health and to promote

; Based on limited data, the Mariner 9 performance efficient data analysis and interpretation. Future missions

:' appears consistent throughout its mission. Several cor- of extended duration should consequently devote a sig- .!
::-' rections have been provided by inflight verification se- nifieant fraction of mission photography to verify critical. _,¢

_. quences. A change in photometric response, which will imaging parameters.

,?

.4
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XXXIXoMartian Surface Coordinates
!

!

,_= Merton E. Davies '
TheRandCorporation,SantaMonica,California9f_'q01

David W. G. Arthur

i . u.$. GeologicalSurvey,Flagstaff,Arizona86001

Astronomers have long studied the surface markings Tile Mariner 9 orbit had a period of about 11.97 hr,
of Mars and have used them to establish coordinate sys- an inclination of 65°, aml a periapsis altitude of 1387 km,
terns of the planet's surface. A comprehensive effort to which was raised to 1650 km during a trim maneuver on
combine the results of all of the telescopic observations December 30, 1971. Periapsis occurred at a latitude of
into a single network of positions has recently been com- about "23° south and varied slightly during the life of the
pleted by tie Vaucouleurs (Refs. XXXIX-1 and XXXIX-2). mission. Thus, high-resolution pictures (the mapping se-
In contrast to the elassical nets that were based on albedo quences) were taken from a distance of less than 2000 i

markings, the Mariner 6 and 7 flyby missions offered the km from about 65° south to 15° north and from about J

first opportunity to establish a control net based on sur- 3500 km in the south polar region to about 5000 km in i
face topography. This work was reported by Davies and the north polar region. Highest priority was a_signed to i
Berg (Ref. XXXIX-3) and Davies (Ref. XXXIX-4). Only the mapping sequences that were designed to obtain full
21 of the near-encounter pictures of Mars were in the coverage of the planet using the 50-mm focal-length

resolution regime best suited for the identification and camera. The characteristics of this camera and the foot- 'l
measurement of control points, These few pictures coy- print size as a function of distance are given in Table .t
ered a very smaU area, so low-resolution, far-encounter XXXIX-1. Although this is the Mariner 9 wide-angle

pictures were used to build the control net over most of camera, its 11° X 14° field would normally be considered
the Martian surface, narrow-angle. In order to obtain coverage and keep the

._ total number of pictures within reason, it was planned
" The resolution of the pictures from the Mariner 9 mis- to use pictures taken from distances greater than 3500 _.

_'_ sion determines the distribution of the control points, as km in the computation of the primary control net. In
i; well as the gaps in the planet-wide control net. Work on practice, this was not always possible. The secondary
i_ this net began early in 1972 and the net has continued control net computations use mapping pictures exclusively.

to expand since that time. Progress was first reported in
August 1972 (Ref. XXXIX-5) and was updated in Novem- The Mariner 9 mission plan called for far-encounter
bet 1972. pictures to be taken of the northern hemisphere before '
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TableXXXIX-1.Mariner9 wide-angletalevisioncamera net. A secondary control net, consistont with tile prinmry
re't, but with control points more closely spaced, will tiwn

Sensor: slowscan vidieon ]lave to be ¢,_tal,li_lwd in the arca of interest. Although

Optics: Zeiss Planar. 52.267-mm fneal length. [/2 stopped secondary control has not been required yet. the mt'thod
down to f/4 of photogrammctric reduction has been prepared and

Fore,at: 9.6 mm× 12.5 tuna,700 x 832 pixels tested.
Field of view: I t ° X 14"

Normal distance After discussing the photogranmwtric equatiol:," and
to plane surface, km Pixel size,km Footprint. km tile computational method used to establish the plaoct- '

wide control net and the secondary net. the camera sta-

I 200o 0.56 .380 × .-5o0 tions and the assumed physical properties of .Mars are ,
,_ 3000 0.84 58o x 750 considered. Subsequent paragraphs contain a description

4000 1.1 770 × 1000
| 5000 1.4 .q60 X 1_50 of the control points, their measurements, and a discus- t
[ 600(I 1.7 1150× 1500 sion of how distortions are removed. Finally, results of

the computations are given, with tables of coordinates
for the control points.

insertion into orbit. Pictures of the southern helnisphere
were to be taken along the morning terminator early in
tile orbital mission in order to establish a quick prelimi- A. ReductionMethods
nary control net. Tile dust storm that enveloped Mars at 1. The Primary Control Netthe time Mariner 9 arrived in mid-November 1971 caused

a complete change in the plan. By January 1972, the dust Determinatiou of the positions of reference points in
had sufficiently settled to proceed with taking the geodesy the primary network on the surface of Mars is essentially
sequence series of morning terminator pictures. Since an exercise in multiphotograph stercophotogrammetry,
November, however, the terminator had moved relative but with important inputs from classical astronomy and
to the spacecraft's orbit, so it was necessary to take the the electronic sciences. Following selenodctic practice,

I sequence farther south in the orbit thau was originally tile reference points are usually small, well defined cratersplanned. The consequence is that these pictures are that are easily bisected and that show relatively small
usable from about 70 ° to about 25 ° south latitude. The phase effects.

longitude coverage is good except for taro gaps at about
90° and 270 ° due to the loss of data during a snowstorm Measurements of the control points are discussed later
at the Goldstone antenna, in this section. The pixel counts are reduced to milli-

n'eters, corrected for optical and electronic distortions,
Because many pictures of the south polar region were and the origin translated to the principal point, thus de-

taken to monitor changes to the cap, the coverage there riving the observed coordinates xo, yo. The focal length
is good. The band from 0-5° south latitude to the equator of the lens is _.
contains pictures from the mapping sequence only. The
sequences in this band, designed for full planetary cover- Stereophotogramnaetry is peculiar in that the camera
age at maximunl resolution, were taken near periapsis (spacecraft) positions come from the tracking data and
along the evening terminator. There is too little overlap are not determined in any way from the photogrammetry.
between frames in these mapping sequences and the area The spacecraft positions could be adjusted for consistency
covered per frame is too small for triangulation, thus re- using the photogrammetrie data; however, since the canl-
quiring many frames for full coverage and resulting in era has a narrow cone angle, the solutions for the sp, e-

gaps in the control net. For control purposes, special pie- craft position as well as orientation would be highly )
tures were taken of the band from the equator to 20 ° correlated. Thus, it was necessary to hold one fixed, and i'
north. North of 20° north, mapping pictures are used for because the a priori position data appear much better
control because the spacecraft was far from periapsis than tile angular data, the values provided by the Jet ]
when they were taken. Propulsion Laboratory (JPL) Science Data Team were t

used without change.
During the next few years, many new charts and maps

of Mars will be made, including large-sea.le ma.-s that The geometric visualization of the computations is that
portray relatively small regions of the Martian surface the rigid perspective cones derived from the (xo, yo, f)
containing few or no control points from the planet-wide arrays for each picture are rotated about fixed vertices
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and oriented so that each set of corresponding rays meet point in the X'Y'Z' system are
as nearly as possible in one point. Corresponding rays

are those derived Irronl thesanle Martian sur[ace point. IX, 1 Ii ]
The photogranunetrie operation thus produces a scaled )" =: W (4)
model of Mars ill the forln of an aggregate (Xi. Y_, Z,) of Z'

coordinated points, where

Themethodofanalysisnmyappearawkwardinsonw FcosV-sinV 0"]

ways; however, the coordinate systems are compatible W--/sin V cos V _J (5): with those used at JPL. permitting easy exchange of data. L 0 0

Also, the method is completely general, permitting a con- Now let 31 be the 3 X 3 orthogonal matrix representingvenient solution for the spin axis of Mars as well as
{ control point coordinates and camera orientation angles, the rotation fro:n the Mars-centered inertial system X'Y'Z"

i oriented on tht Mars equator to the second Mars-centered
inertial system X"Y"Z" oriented on the 1950.0 Earth

The computations involve four distinct three- equator. Then
dimensional coordinate systems XYZ, X'Y'Z', X"Y"Z",

and _,_. All the XYZ systems are Mars centered, but the Fx,, ] ix, 1 [!]
first of these, XYZ. rotates solidi}' with Mars and is valid /Y,,/= ,u Y, = ,uw (6)
for fixed Martian surface coordinates. For this system we LZ"_] Lz,j
can write

As the spacecraft positions are S,, Su, S: in the X"_'"Z"
X = R cos 4_cos (360 ° -- x)* (1) system, the coordinates of the surface point with the

spacecraft as origin are
Y = R cos 4_sin (360 ° - x) (2)

z--R sin Ca) /r"J -
LZ"j s..

where R is the length of the areocentrie radius to tile sur-
face point in kilometers, q_is the latitude of this radius and if the 3 X 3 orthogonal matrix C represents the rota-
(its inclination to the Mars equatorial plane), and X is the t'ion from the X"Y"Z" system to the photographic system,
west areoeentric longitude measured from the positive then we have
X-axis.

The nonrotating or inertial system X'Y'Z' is such that _ = C|I'"| - c s_
the X'-axis is directed through the ascending node of the kZ"J ks:.]
Mars mean equator on the mean ecliptic of 1950.0. The

Y'-axis is on the Mars equator. = CMW [i c°s ff c°'_ (360° -'_']cosff sin (360 ° -- 2,) -- C r S']SvThe inertial system X"Y"Z" has its X'-axis in the plane sin _ LS.._j
of the Earth mean equator of 1950.0 through the vernal (7)
equinox. The Y"-axls is on the Earth mean equator.

where (_, _, ¢) are the coordinates of the surface point in
the photographic system with the spacecraft as origin.The system 61¢ uses the coordinate axes of the camera

but applied to Mars surface points. The origin is the Now,

spacecraft, x _ y_ ,_
'

_: If V is the hour angle of the mean equinox measured%

_:. from the prime meridian, then the coordinates of a surface where _ is the calibrated principal distance. Thus _.

,, # ,d
_'_" *(3600 -X) is used instead of x in order that the coordinate Xe= --_ Pe =7 (8) .."f' system be right-handed.,7
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The subscript c empl,asizes that x, and y,. derived in Becaus,' of the narrow cone angle of the camera, there
this way from assumed R. o. A. are computed values as usually are not adequate parallaetic an_lcs between suc-
thstinct from the ob.scrxcd values x,,. y,,. eessive t \posures to obtain planetary radii measurements

from the photogra,u,nctric solution. Thus. they were
Where,_s the computation of x and y from R. O. ,_.is di- princip;d_y derived from the radio occultation radii

rect. the reverse computation, which is what interests us. measureu,ents.
invoh'es the solution of transcendental equations. The

_i solution given in this section is the usual method of The radius of each control point is the sum of the
., iteration in which discrepancies are computed rigorously radius of the reference spheroid at the point's latitude

usin_ Equations (7_ and (8). These are then used in the and longitude and the elevation above the reference
i solu_;on of approximate linear equations to compute the spheroid linearly interpolated from Table XXXIX-2. The

first-order corrections to the unknown parameters. For a eh, vations in Table XXXIX-2 are interpolated from the
t poim i imaged on picture j, the linear observation equa- elevations at the occultation points given by Kliore ct al.
i tions arc in Ref. XXXIX-6. In this table the elevation is assumed

;x, _ ,x.; to be zero at the north pole and south of 65 ° south lati-
' • xP,-:- 7-ff.-,.'-xPJ_"= (x,,- x,),j (9_ tude, as there art, no measurements reported south of,-.4 ;p. _. 40° south.

_, ;p-----[. _ -ff_ ._xP,,: = (yo - y,),, (10) Thus, each picture contributes three unknowns--the
parameters of C; each point contributes two unknowns

in which the P, are the parameters defining the position --_ and x; and each obser,,ed image contributes two
of i, and the Pj_:are the parameters (k = 1, .9,3) defining equations. Generally, three iterations are sufficient to
the orthogonal matrix C;. The subscripts o and c indicate attain stationary state in the solution•
observed and computed values, and the subscript i]

indicates point i on picture J. The least-squares solution, which miuimizes discrepan-
cies in the picture plane, is general and does not dis-

The matrix C is derived fi'om the tracking data plus tinguish between observations, unknown parameters, and
the telemetered clock and cone angles However. it does a priori knowns. All become unknowns with appropriate

not always have a precision commensurate with the other weights. This gives the program considerable flexibility
data and hence, in general, is merely used as a starting in regard to holding values fixed or permitting them to
value in the iterations, vary.

The photogrammetric method is general and, in prin-
ciple, can be used to solve for almost any of the parame- One of the principal problems is the size of the equa-
ters. As the Mariner television pictures are poor for tion set to be solved. Because it is not feasible to attempt
photogrammetric use and as they were frequently taken the simultaneous solution for the coordinates of all vertices
at non-optimum times for this purpose, it is desirable to of the primary triangulation, we have h.'.d to work in
minimiz:_ the number of variables in the solution. Thus, blocks Adjustments between blocks have been performed
the camera stations (S,, S,, S:) are taken from the Supple- using common points and holding one block fixed in

mentary Experiment Data Record (SEDR), which is each adjustment. The procedure Is far from perfect, but
published by the Science Data Team at JPL. The accu- unfortunately the optimum procedure does not lie in the
racy of these coordinates of the spacecraft position is reahn of practical economics.
expected to be about 3 km in each direction. In all
computations, the three angles that define the camera 2. The SecondaryControl Net
orientation matrix C are treated as variables and are part
of the solution. The latitude and longitude of the control The Mars secondary control net (triangulation), like
points are always variables; however, the vector radius its terrestrial counterparts, is intended to fill the interstices
R has usually been derived from the radio occultation of the primary net with a much denser network of con-
experiment (Ref. XXXIX-6). The only exception is in the trols. Again, like its terrestrial para_els, the Mars seeon-
region of Nix Olympica where there was a deliberate dary net is accomplished with simpler means, and its
effort to determine the altitude of the mountain photo- reductions are much less expensive than those of the

grammetrically, primary net.
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The primary network involves three unknowns per that tile discrepancies in x and y at tilt, tit, points are
picture and two t,nknowns for each point fixed. In con- minimized. These points are generally very small craters,
trast, the seeoudar,v net determ,nation involve_ four un- but we have al_o used an_les in shadows and ridges.
knoxxals_ per photograph, but no additional unknowns for Evt,n with these an_h,s it is frequently impossible to find

points. In addition• because of its subsidiary and depen- common points between adjacent pictures, so that the
dent nature, reduction and adjustment of tile secondary fixation rotltes become somewhat dendritic. An adjust-
net can be split into blocks, thus bringing the computation ment such as the above can be represented by" the
problen" down to a manageable size. general transformation of rectangular coordinates in two

; dimensions.

• The ,tandard bl_'k size has been set up as 40 pictures
"; /160 unknowns). Eacb USGS 1:5,0 r 0,000 ,Mars chart will X = px - qy + a
* contain four or more blocks•

; 1"= py +qx-'rb

i The materials used in the primary and secondar/

triangulations are substantially different. Whereas uncor- where (x, !/) is a position on the mosaic element and
retted pictures, frequently small-scale, were used ill the (X, Y) the corresponding map position, Tile above become

f primary work, with pixel counts to establish positions in tile observation equations for control points. For a tie
the images, the secondary net is based on the use of point i on pictures 1, k, the observation equations are

' rectified pictures, which are measured in ordinal, _vo-

" coordinate comparators. The rectified pictures are tile p_xi_ - qJYo -4.aj - p_xi_:4- q_.y,j - ca:= 0
result of extensive processing at the hnage Processing

Laboratory (IPL) of the Jet Propulsion Laboratory, p_yij 4. q_x_j 4- b., - P_yu: - q_x,_ - be = 0
Tile method of producing tile rectified pictures has bee,I

reported by Gillespie and Soha iu Ref. XXXIX-7, and the The normals are formed and solved by the usual methods.
programs and the parameters used in the Mariner 9 mis- Residuals are computed in order to monitor quality. As
sion have been discussed by Rofer3 The pictures are already noted, the programs for tile USGS IBM 360/65enhanced, corrected for electronic distortion, mathemati-
cally transformed into map fragments according to definite computer can handle 40 pictures in one adiustment. The

1:5,000,000 scale chart may contain at least twice this

map projection formulas, and finally stored in this form number of pictures, so subsidiary adjustments will gen-on magnetic tapes. They are then converted into actual
negatives with the Optronics Photowrite of the Center of erally be necessary to adjust th_ blocks to consistency.

Figure XXXIX-1 is a sample layout of the secondary net
Astrogeology, U. S. Geological Survey, Flagstaff, Arizona. for one of these charts.

Although the Optronics equipment reproduces precisely
what is on the tape, our measuriug routines are intended Because most of the tie points are small and possibly
to control errors arising from these imperfections that elusive as to identity, the measures and reductions also
must occur in practice. Six marginal marks with known carry one distinct and well defined crater for each picture,

placed as nearly as possible at the center of the picture.pixel counts ill X and !! are always included in the mea-
sures. Tiros, all measurements can always be converted These are the secondary controls. At this point it would

be dangerous to predict their quality, but their absolute Iinto pixel counts with fair precision.
precision should not be appreciably inferior to those of
the primary points, and their relative precision, the local

As our measurements are on rectified pictures that are positional consistency, should be better, i
regarded as map fragments, it should b_ clear that the
secondary triangulation is performed in the map plane.

This practice is not at all unusual in the major geodetic 13. Mariner 9 Control Net Parameters
establishments. The theory of the adjustment is very

simple, Each mosaic element, regarded as a map frag- A specific set of constants defining the areographic "
ment, is sift[ted, rotated, and dilated in such a ntanner coordinate systems has been adopted by the Mariner 9

Geodesy/Cartography Group of the Television Team,

Whese unknownsarethe coelBeientsof the general two-dimensional and these values are used for all Mariner 9 cartographic :' ,
: transformationof rectangular coordinates, products, This coordinate system, its derivation, and its iI

_Unpublisheddata, 1972. rationale are discussed by de Vaucouleurs et al. in Ref.
.t' _,
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Fig, ]fXXIX-1. Sample layout of secondary control net for one Mars chart,

XXXIX-8, and ill Section XXXX of this Report, and the The prime meridian is now defined as passing through

spin axis, prime meridiau, and reference spheroid for the the center of the crater, provisionally designated Airy-0,
maps are defined. These are used in the control net that lies in the large crater provisionally called Airy.
computations and provide the surface feature coordinates Airy-0 is seen on the narrow-angle frame number 533-3
to file, cartographers in a usable form. (MTVS 4296-118, DAS 13165361; the frame number

refers to the third frame taken on revolution 533). The

Using the notation of Sturms (Ref. XXXIX-9), with T control net position, particularly the position of Airy-0,
must now be used to adjust the added constant in the

as the time in Julian centuries from the epoch 1950, angle V which is measured from the lvlars vernal equinox

January 1.0, E.T. (Julian Date 2433282.5), the right ascen- to the Mars prime meridian along the equator. Thus, the

sion and declination of the Martial', pole are: adjusted value of V is

a:,, = 317,°32 - 0.1011T
V = 148°.68 + 350?891962 (JD- 2433282.5)

8_, = 52?68 - 0.0570T

The computations are performed entirely in terms of
The matrix M, which relates the Mars-equatorial coordi- areoeentric coordinates, that is, in terms of the latitude 4,,

- nate system to the 1950,0 Earth-equatorial coordinate the longitude h, and the length R of the radius from the

_, system on January 1.0, 1971 (Mariner 9), thus has the center of Mars through the point. All Mariner 9 map :_
numerical value products will use areographic coordinates in which the

"_ latitude _' of a point is defined as the angle between the

_" [" - 0.09879443 0.88973139 0.44566546"] equatorial plane and the normal _o the reference spheroid

_,' M = L -0.90538578 0.10547699 -0.41127994 i at the point. These planetographic coordinates are appro--0.41293612 -0.44413134 0.79512962.] priate when the local vertical is used as a reference direc-
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tion, such as on the surface of Earth, and they wilt TableXXXIX-3.Controlpointsnot locatedonthe
therefore' be relevant to the operation of landers and USGSmosaics

rovers oil Mars. Tile adopted reference spheroid has an
equatorial radiu_ a of 3393.4 km and a polar radius e of 0 761 1394 1598

3375.8 kin." If a point lies on the spheroid, the areocentric 27 762 1395 1599

° and areographic lahtudes are related by 187 766 14(12 1600

19.9 813 _403 1602 ]_

i:; tan ¢ = _ tan¢' 196 863 1405 16(15
, 197 865 1408 1608

i "234 891 1424 1611
C. The ControlPoints zs6 938 1425 1612

i "9,243 .tj,f] 1455 1614

f The control points are chosen on the basis of several
criteria. The point must be uniquely related to a topo- 246 948 1461 1616271 949 1462 1617

t graphic feature, and often it is defined as the center of a
small crater. It nmst be a point on the solid surface; care 276 950 1469 1818

must be taken to avoid using points that are associated 279 951 1470 16:9with clouds or ice, as they might be difficult to find in 306 954 1471 1820
the future. Each point nmst be found on at least two 316 957 1472 1621

pictures and, if possible, more. Each picture in the net 335 959 1473 1622
nmst contain more than two points. Thus, the points must 338 963 1490 1623
be close together when the picture covers a small area, 358 977 1508 1624

and the craters can then be small because the resolution 368 1025 1514 1634

is good. On the other hand, a large number of frames 401 1026 1532 1635

nmst be used to cover a specific area. Thus, the planet- 403 1028 1533 1636
wide density of control points reflects the surface cover- 433 1039 1534 1640

age of individual frames; this effect is seen in Fig. 476 1040 1535 1641
,XXXIX-2, which shows the locations of all points of the
jrimary net. In the future, effort will be made to reduce 479 1053 1536 1646
the size of the gaps by adding more points and pictures 481 1200 1537 1648
to the net. 484 1"240 1539 1649

485 1244 1545 1651

486 1268 1565 1652
To use the control net, it is necessary to identify the

control point on the pictures and then refer to its coordi- 494 1278 156-3 1653

nates in the tables given in the next part of this section. 496 1285 157! 1654
As the preliminary net is derived from several hundred 498 1289 1573 1655

frames, it is not practical to publish all of them with the 595 1291 1574 1678
points identified. However, most of the points have been 615 1300 1577

located 'on a series of 1:5,000,000 uncontrolled photo- 645 1308 1578
mosaics compiled by the U. S. Geological Survey and are 654 1328 1580

seen in Figs. XXXIX-3 through XXXIX-31. The number 699 1329 1581
of points not identified on these maps are given in Table 701 1330 1582
XXXIX-3. 703 1340 1583

704 1346 1586

aThesevalues of o an(! r were used in the reductionof the Mariner 708 1356 1587
6 and 7 pictures (Ref. XXXIX-4); at a meeting of the Geodesy/ 708 1357 159)
CartographyGroup on March 28, 1972, it was decided that the 756 1383 1595same values should be used in the reduction of the Mariner 9
picturestriterdiscussionsof the new data available regardingthe 757 1387 1596
shape of the planet (Ref. XXXIX-8;also see Section XXXX of 760 1392 1597
this Report).
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Fig.X)'.XIX-3.ControlpointsidentifiedonUSGSMC-1are northof 65°N.

For tile primary net, tile measurements of the points the origin at tile principal point of the optics. Tile pixel
are made hy counting pixels (picture dements) on pic- coordinates of each point on each frame are measured

tures that have had no geometric processing. IPL pro- three or four times by two or three different persons.
duces special versions of the frames for this purpose; Any measurement differing from the median measure-

they art' high-pass filtered and stretched, and a special ment by more than two pixels is rejected (as a gross
counting grid is incorporated to help in pixel counting, error) and the pixel coordinates (X, Y) are the mean of
The IPL uses a computer program to locate, in pixel the remaining measurements. Each individual measurc-

coordihates, the 195 reseat] points on each picture, ment is _'_timated to the one-tenth pixel; the standard

During calibration before launch, the locations of the error of the mean is usually between 0.2 and 0,5 pix_,l
reseau poiitts on the vidicon tube were carefully mea- (0.003 to 0.007 ram). This program, which transforms

sured using an optical comparator, and the optical and pixel coordinates (X, it) into image c_ordinatcs (Xo, !1o),is

geometric distortions relative to the reseau points were essentially the same as the one used by the IPL to pro-
measured using special targets in the collimator. The duce their geometrically corrected pictures.
data were used by Kreznar in i972 (unpublished data) to

prepare a program to remove the distortions when the Measurements for the secondary triangulation are ,:
reseau point locations were known. This program was made differently. A positive or negative of the picture is J
used to _ransform the control point measurements in pixel measured directly on a Mann two-coordinate monocom-

coordinates into hnage coordim_tcs (in millimeters), with parator. The picture is then produced at the U. S. r
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Fig.XXXIX-4.Controlpointsidentifiedon USGSMC-2areboundedbylatitudes
- 30*N, 650N,andlongitudes120°, 180".

Geological Survey, Flagstaff, Arizona, on an Optronics the wide-angle frame and determined the pixel coordi-

Photowrite machine from a magnetic tape supplied by nates. This is more ditficult than would appear at first1PL. These pictures are produced at USGS rather than because the narrow-angle frames are rotated 60° relative

at IPL/JPL because all the IPL video film converters to the wide-angle frames, and there is a great deal of

i use cathode-ray tubes, which introd-ce their ow, gt'o- scale distortion in the u_,corrected frames (because the
metric distortions. This is the reason that the measure- horizontal and vertical pixel siz,'s are not the same on the
ments for the primary net are made by pixel counting vidicon camera, but are the same on the IPL video-fihn-

instead of measuring film with a comparator, converter versions of the pictures).

The crater Airy-0, which now defines the prime me-

ridian, is identified on the narrow-angle picture mentioned Gillespie transferred the position of Airy-0 from frame
above, but it is too small to be seen on wide-angle 533-3 to 533-1 using the IPL machine-matching program,

pictures. The primary co,: ol net is composed entirely as well as by eye, through interpolation between points
of wide-angle pictures in order to maximize surface common to both frames. Hoover transferred the point by
coverage, so it is necessary to determine the coordinates eye to this frame and also to other frames containing this
of Airy-0 on a wide-angle picture that also contains other region. These measurements are summarized in Table

points of the net. Wide-angle frame 533-1 (MTVS XXXIY..-4. It is felt that the machine-matching program
4296-111, DAS 13165256) was taken at about the same gives the best results, so those measurements on 533-1

time as 533-3, so that the viewing and lighting geometry are used to define the prime meridian for the control net.
of the low-resolution and high.resolution frames are The difference in longitude betaveen this measurement

similar. Alan Gillespie of IPL and Gordon Hoover of the and other measurements on 533-1 and other frames are
California Institute of Technology independently trans- given in Table XXXIX-el; the standard error of transfer

ferred the point (Airy-0) from the narrow-angle frame to was about 0.'014 longitude.

JPL TECHNICALREPORT32-1550, VOL. IV 521

....... _i_l_llllk_h "_t_al-

1973023947-528



1
I - IT .... _ _ ' ." nl | i •

I%-

L

Table _,XXIX-4. Transfer of the location of Aio-J to low-resolution frzmes

Frame .Metlmd Pi_e| Longitude, _nmubel I)AS Source of poiut cmlrdinates difference,
transfer X Y _u"ga

I!

533-1 13165256 Gillespie Machine 396.36 47-1.22 0 I_p
533- I 13165256 Gillcspic Eye 39B.g3 474.43 0.1105 H

533-1 13165256 Hoover Eye $96.9 474.8 0.006 ,,

137-30 064.q9678 lluover Eye 561.0 314.-t 0.029

139-15 I}65710()8 Hoover Eye 563.5 138.8 0.009

181|-17 (18(L15768 Hoover Eye 52..3 528.5 (1._}3

li
'+ -'a"- I1"111-1.

' i#

I,

!
t

. - 1,-. • l

i
!

<'_- .-'2 "

Fig.XXXlX.5.ControlpointsidentifiedonUSG$MC-3areboundedbylatitudes
30*N, 65"N, andlongitudes60", 120%

D. TheComputations net and to increase the density of control points in
particular regions used in the preparation of a large-

The ef[ol* on the primary net has been to add points scale map.
and pictures to cover the entire surface of the planet. At-

this time, the net contains 1205 points on 598 frames and The ,lumber of points and frames now in the primary
is planet-wide; however, some large gaps still exist, net is so large that the control computations have been
Future work will be aimed at reducing the gaps. divided into five overlapping blocks. The coordinates of

the points in each block are computed as independent
Work on the secondary net is about to start, and there adjustments; imwever, in the overlap regions a few points

are no specific results to report at this time. This triangu- are held at positions determined by the adjustmei:t of
lation is particularly important to fill gaps in the primary the neighboring block. The block solution is iterative

t
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Fig. XXXIX-6. Control points identified on USGS MC-4 are bounded by latitudes
30°N, 65°N, and longitudes 0 °, 60 °.
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'", _ ,."H'_,.i": i,, , ,,i_"

Fig. XXXIX-7. Control points identified on USGS MC-5 are bounded by latitudes
30°N, 65°N, and longitudes 300 °, 0% _
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Fig. XXXIX-8. Control points identified on USGS MC-6 are bounded by latitudes
30°N, 65°N, and longitudes 240 °, 300 °.
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Fig. XXXIX-10. Control points identified on USGS MC-8 are bounded by latitudes0 °, 30ON,and longitudes 135°, 180°.

and tho computations are continued until all of the point more important than tile standard errors that come from

cnordinates in the overlapping regions do not change, the computations. At this stage of the work, the random

Usually two or three adjustments of each block are horizontal error is thought to be about 10 km. To this

required for the solution. A summary of these results is must be added a regional error that is a function of
given in Table XXXIX-5. The areographie coordinates position; near Airy-0 this type of error is very small,

of the points are given in Table XXXIX-6. whereas at the antipode of Airy-0 it may be as large as

20 kin, This error will also he high, perhaps 15 km to 20

It is always difficult to estimate the accuracy of coordi- km, for those coordinates whose points lie on the periph-

hates because frequently unknown systematic errors are cry of the gaps in photographic coverage.

i

,¢
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Table XXXIX-5. Summary of primary control net computations

Number Number Number Number Standard

Block of of of of error,

points frames equations tmknowns _, mm

North polar 674 141 1652 971 0.0176

' 0* north 335 140 1657 1090 0.0301

: 180" north 363 140 1753 1146 0.0144

._' 0 ° south 231 142 158.1 888 0.0157

i 180 ° south 238 154 1514 938 0.0"226
d
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Fig. XXXIX-19. ControlpolnLsidentified on USGS MC-17 are bounded by latitudes 0°, 30°S, and longitudes 135°, 180%
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Fig.XXXIX-20. Control points identified on USGSMC-18 a_ bounded by latitudes 0% 30°S, and longitudes 45 °, 90°.
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Fig.XXXIX-23. Control points identified on USGS MC.22 are bounded by latitudes 0% 30°S, and longitudes225% 270 °.
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Fig. XXXlX-24. Control points identified on USGS MC-23 are bounded by latitudes 0 °, 30°S, and longitudes 180 °, 225 _.
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Fig. XXXlX-25. Control points identified on USGS MC-24 are l;ounded by latitudes
30°$, 65°S, and longitudes 120 °, 180°.
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Fig. XXXlX-26. Control points identified on USGS MC-25 are bounded by latitudes
30°S, 65°S, and longitudes 60 °, 120 °. _"
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Fig. XXXIX-27. Control points identified on USGS MC-26 are bounded by latitudes
30°S, 65°S, and longitudes 0 °, 60 °.
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' Fig. XXXIX.28. Control points Identified on USGS MC-27 are bounded by latittldes _ ---. :
30°S, 65°S, and IonsItudes 300 °, 0 _.
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Fig. XXXIX-31. Control points identified on UIGS MC-30 are south of 65°8. -_
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TableXXXIX6 Areographiccoordinatesofthecontrolpoints

Latltude W.Longitude Elevation [Point (_,o) (Xo) (km)

I
o -5.11 o.o 1.4 !

26 -15.75 3.67 2.2_
27 -14.47 2.39 2.15 I
28 -20.36 4.31 2.57 ,!
31 -5.88 358.86 1.60 I

• 33 -4.03 356.37 1.76
34 -8.65 0.36 1.70
35 -4.71 2.64 1.60
37 0.72 358.51 1.13
38 -3.81 0.99 1.34
69 -77.08 0,77 -0.00
fib -80.27 353.43 -0.01
70 -75.69 323.93 -0.01
71 -75.38 307.37 -0.01
138 -79.72 329.76 -0.01
167 -69.64 4Z.70 0.02
148 -66.97 56.87 0.21
149 -71.18 26.49 -0.00
150 -41.81 7.26 1..46
153 -37.72 2.93 1.87
160 -81.07 340.63 0.00
161 -78.08 358.88 0.0
162 -74.02 323.90 -0.01
163 -78.71 143.16 -0.01
166 -72.22 176.11 -0.01
167 -72.18 163.71 -0.01
171 -72.67 257.97 -0.01
172 -72.79 264.49 -0.01
176 -83.29 353.15 -0.00
177 -81.24 19 37 0.00 :_
180 -48.95 10.48 0.96
181 -39.71 16.31 1.72
182 -53.74 32.39 0.71
183 -48.05 20.05 1.26

, 187 -33.34 75.36 6.09
190 -62.33 67.97 3.85
lgl -43.81 60.22 3.05
192 -51.97 56.88 1.69
193 -50 .28 ,72.70 2.76
194 -45.37 74.11 3.76

i 196 -80.94 48.59 -0.00
i 197 -82,29 73.46 -0.00

198 -67,02 17.23 O. 11
" 199 -69.58 146.07 O. 03

]

i
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Table X/_XlX-6(contd)

Latitude W.Longitude Elevation
Point (9'°) (%o) (km)

200 -42.11 195.91 2.39
201 -50.06 !90.91 1.65
202 -55.64 185.05 0.82

, 203 -50.40 175.49 1.22
204 -40.35 177.79 1.93
205 -26.61 138.30 3.13
206 -32.53 186.13 2.82

I 207 -33.73 202.67 3_27
i 208 -34.07 210.03 2.89
Y

209 -27.11 217.08 3.30
210 -27.86 207.90 3.19
211 -33.14 227.42 3.72

• 212 -38.79 212.35 2.54
! 213 -43.26 225.57 2.50

• 216 -39.87 229.55 3.01
215 -23.19 237.42 3.80
216 -67.44 342.87 0.12
222 -75.94 289.37 -0.00
223 -80.63 289.58 0.00
226 -78.52 253.96 0.00
229 -70.05 349.66 -0.01
Z32 -69.20 359.43 0.02
233 -74.29 344.49 -0.01 _
234 -68.89 297.87 -0.09
236 -80.54 320.51 -O. OC
237 -74.39 235.08 -0.01
238 -85.57 263.76 0.00
239 -78.12 230.46 -0.00
240 -75.94 210.70 -0.30
242 -63.98 317.46 0.31
243 -07.00 ;322.71 0.20
2_4 -70.82 311.43 -0.00
245 -64.83 312.24 0.00
246 -70.39 286.88 0.00
2_8 -62.14 148.47 0.60
249 -55.34 152.16 0.86
250 -60.57 142.09 0.84
251 -65.51 131.11 0.37
252 -L5.08 121.90 0.54
253 -69.78 11_.81 0.04
254 -68.48 97._3 0.19

"1 255 -70.26 92.16 I'O'O0

256 -72.95 105.58 -0.00
257 -72.05 82.02 -0.00

(
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TableXXXIX6(contd)
i

Point Latitude W. Longitude Elevation
(_,o) (Xo) (kin)

t

?

258 -72.13 131.76 -0.01

, 259 -77.19 128.37 0.00

261 -58.69 111.38 1.65
2o2 -53.26 125.01 2.33

, 263 -46.84 120.85 4.15
204 -4_.66 119.74 5.27

; 206 -3b®67 128.33 5.11

268 -55.61 78.12 l.g_

259 -02.75 70.89 0.66
• 270 -62.4o 44.08 0.33

271 -30.73 65.38 5.74

272 -36.13 52.91 2.94 r

273 -32.31 51.67 3.37

274 -20.32 45.75 2.90
275 -33.31 39.65 2.53
276 -_2.81 34.41 1.50

ZI7 -52.73 41.36 1.02
278 -3C.44 25.87 2.19

279 -32.36 18.56 2.33

280 -39.01 25.65 1.66
251 -53.79 20.95 0.81
282 -60.04 23.45 0.34

283 -46.08 9.53 1.12

284 -63.92 259.28 0.19

265 / -63.01 231.27 0.3_

280 -48.94 260.04 0.95 .
289 -61.34 252.56 0.41

291 -32.gb 245.36 3,_3
Z92 -32.68 256.67 2.49
293 -49.30 237.75 1.81

294 -43.12 243.33 2.75
E95 -49.23 218.97 1.69

296 -64.0d 209.82 0.27
297 -27.82 233.13 4.03
198 -33.74 219.31 3.34 _

299 -43.78 215.13 2.15 -,
300 -46.34 205.93 1.67
301 -_4.4B 203.40 2.14 _

_-"

333 -43.68 la9.73 2.02
30_ -64°03 19b.9_ 0.32 ,_
305 -6_.98 71.81 0.02
306 -77.03 71.4_ -0_01
307 -53.28 197.01 1,26
309 -47.52 183.08 I._4
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Tabie XXXIX.6 (contd)

Latitude W. Longitude Elevation

Point (_, o) (.to) (kin)

35_ -65.51 335.34 0.22

359 -?3.04 57.44 -0.00

391 -72.04 294.35 -0.00

362 -72°37 276.17 O.Ol

3o3 -b_.87 216.78 0o0O
364 -54.30 328.97 1.12

- 365 -69.26 45.52 0.04

355 -76.37 57.05 0.30
357 -73.53 316.44 -0.C3

358 -g0.29 82.19 -0.01

375 -57.42 312.80 0.11

376 -_3.79 323.68 2.73

377 -43.55 315.32 1.33
37u -31.11 316.26 2.63
379 -34.14 314.57 I.$_

3%0 -55.25 316.79 1.06

381 -45.77 304.84 -I.70l

382 -77.47 54.58 O. O0

383 -75.22 82.84 0.00
3d4 -73._7 lOO.Ol -0.00
430 9.9 136.89 3.3_
401 10.86 135.33 12.81

_03 19.25 140.87 [.24
I 404 20.70 137.25 6.24

• 405 18.67 131.83 24.52

406 22.]4 131.55 5.07i
I 407 2].18 136.70 6.36

438 12.03 124.81 4.76
409 11.54 121.70 5.01
210 11.05 119.28 5.27

411 16.32 127.45 4.14
413 19.82 119.79 4.3_

41_ 24.65 128.09 2.92
415 8.61 119.53 5.58
416 7.25 120.70 5.62
417 3.91 121.44 5.89

418 17.07 I19.15 _ 4.68

419 15.53 I17._2 4.96

410 23.60 I19.39 3.99
421 23.89 117.40 4.02
422 3.26 111.23 7.07
423 8.16 11Z.82 6.2_
%2% 24.91 109.86 4.1O
_25 19.12 III.09 4.86
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Table XXXIX-6 (contd)

Point Latitude W. I,ong_tude Elevat_on

(¢, o) (kin) t
426 17.78 114.15 _.87
427 9.41 102.20 5.89 _
43D 8.81 112.16 6,21

433 11.37 97°66 5.44 ,,
435 Ib.2o 95.18 4.48
430 22.14 103.28 4.18

437 25.35 102.51 3.79

438 25.58 98.85 3.66

439 24.53 91.59 3.67
44_ 26.76 92.13 3.41

642 28.51 87.78 3.10

463 24.55 d9.78 3.65 r

; 6_4 22.1i 89.32 3.95
645 21.57 80.97 3.37
646 13.10 83.30 6.3E

467 13o67 79.86 3.95

469 4.34 82.62 5.19 I
' 65J 1£.73 82.27 3.91

451 20.23 77.21 3.20

652 28.66 79.69 2.98
6_3 25.41 81.06 3.19

654 11.67 76.92 3.97
655 1.07 72.06 4.54 r
656 7.63 72.97 4.06
451 11.70 72.64 3.67
45_ 11.30 69.07 3.67
659 20.03 71.92 2.95 ,

66D 18.05 72.60 3.14
461 19.65 68.65 2.76

462 2b.91 71.17 1.93

663 23.26 7Z.23 2.53
664 20.68 64.20 2._7
665 25.21 63.67 I.SD

666 16.67 66.30 2.62
667 11.26 64.66 3.04
668 6.69 64.22 3.37
670 12.72 60.72 2.58
671 20.70 58.56 1.72
672 13.18 56.05 1.76

473 13.0b 55.61 2.19 >
475 11.43 50.75 1.52
470 16.66 56.40 1.52
677 20.04 56.25 1.67

478 23.00 55.96 1.12

i
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TableX_LKIX-6(contd)

Latitude W. Longitude Elevation
Point (0'_) (X°) (km)

479 20°32 47.i8 0.45
4_0 24.78 47.11 0.20

48L 19.35 45.30 0.42

483 19.53 42.07 0.24

484 10.58 40.10 0.99

485 7.46 46.02 1.60

486 2.43 46.31 2.11
487 19.59 29.84 -0.63

488 10.79 34.90 0.49
¢

489 12.01 25.42 -0.01

490 8®40 25.36 0.22
i

_91 17.33 26.95 -0.35
492 19.87 24.05 -0.48
493 23.09 25.85 -0.83
694 26.91 25.80 -0.99
495 19.56 15.77 -0.34
496 25.30 17.51 -0.65
497 19.79 12.11 -0.36

498 19.19 20.01 -0.32
500 11.29 17.28 0. II

5_I _.91 16.35 0.48
502 11.19 12.13 0.15
503 10.30 16.12 0.18

; 504 II.00 6.67 0.18

I 505 0.44 6.88 0.98
506 15.9_ 7.2J -0. I0

507 19.11 7.48 -0.29

506 26.02 7.67 -0.69
509 15.4_ 2.67 -0.19
510 10.21 2.72 0.23

511 8.4o 1.54 0.36

512 II.15 358.82 0.29
513 5.11 358.08 0.83
51_ 15.51 357.84 O.Ib

515 18.78 358.21 -0.04
515 13.48 355.31 0.51
517 8.94 355.11 0.82
518 5.91 356.41 1.14
519 11.53 354.72 0.69 /

523 18.39 353.25 0.38
521 15.06 355.12 0.43
522 15.48 350_86 0.78
523 0.35 2.74 1.01

524 2.27 2.54 0.86
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TableXXXIX-6(contd)

Latitude W. Longitude Elevation
Point (@,o) (Xo) (km)

t

525 6.80 358.24 0.67

527 4.92 38.88 1.40

528 4.04 33.66 0.94

529 6.13 35.00 0.90
: 53_ 9.01 37.27 0.8_

531 I_.48 31 38 0 20

532 15.40 34.73 0.09
533 18.23 29.06 -0.51

534 12.57 30.98 -0.01
535 9.74 346.36 1.72

| 536 9.42 345.66 1.83
537 14.41 344.97 1.46
538 12._7 338.95 2.18

!

539 14.61 346.14 1.33 I
54D 10.59 348.15 1.44

542 15.69 347.07 0.88

543 20.73 345.55 0.85

544 22.15 338.19 1.34

__ 545 Ii.37 336.92 2.39

• 546 5.37 338.88 2.70
547 I0.94 331.96 2.52

548 ii.25 329.77 2.53

549 16o02 337.32 1.92

55_ 19.62 336.53 1.62
551 19.04 333.00 l.q8

552 19.47 329.16 2.
553 24.51 336.80 I.

554 27.35 337.42 1.0#

555 6.91 328.13 2.74

556 9.40 328.86 2.62

557 I0.43 321.61 2.48 __
559 12.15 323.56 2.38 z
50_ 16.10 329.66 2.23

561 19.2_ 324.70 1.89 _
562 19.80 320.56 1.72
563 23.64 328.45 L.b5
564 26°42 327.62 1.38
567 7.84 319.76 2.53 "_
568 10.28 317.4"7 2.33

569 10.44 311.76 2,00 :_
570 13.99 321.03 2,20 @
571 15.72 319,84 2.03 _

572 18.77 318.24 1.70
573 17.6_ 312.15 1._9
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Table XXXIX-6(contd)

L

Latitude W. Longitude Elcvatlon
Polnc (@,o) (_o) (kin)

574 22.32 3ZI.IO 1.49 I
575 23.90 318.73 1.25 R

577 7.87 312.34 2.21 I
57_ 5.25 311.40 2.35 I
579 12.45 309.70 1.77 !

I

; 580 12.42 305.74 2.02 I
: 581 11.55 302.62 2.30 i
} I

582 12.42 311.99 1.87 I

553 15.17 312.35 1.68

584 21.90 312.43 l. IB I
585 26.25 310.84 0.79
58_ 20.17 305.97 1.43

5_7 ZI.38 307.07 1.27
588 19.67 301.33 1.74
589 b.52 303.94 2.60
590 9.28 303.28 2.43

591 10.12 301.44 2.49

592 I0.0_ 295.75 2.53

593 9.11 294.34 2.59
594 15.13 303.49 1.96

595 18.73 303.15 1.70

596 IE.27 298.05 1.91

597 18.12 294.83 1.86
598 23.57 304.07 1.26

599 2C.87 300.62 1.16
630 23.92 293.39 1.39

601 25.8Z 294.51 1.25

602 19.11 296.40 1.81

603 19.30 286.13 2.02

604 18.59 289.18 1.81

605 13.94 293.93 2.19

605 10.02 287.60 2.65
b07 10.75 290.68 2.59
608 4.73 296.21 2.94

609 1.49 296.48 3.24
610 b.96 285.51 3.08
611 3.07 285.73 3.37
612 11.37 285.37 2.76

613 11.16 250.72 3.15
614 11.26 27T.27 3.05
615 17.29 286.38 2.17

/
616 13.82 285.65 2.51
617 20.08 283.62 2.20

618 t19.7_ 278.63 2.66
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TableXXXIX.6(contd)

Latitude W. Longitude Elevation
Point (¢,o) (Xo) (kin)

619 23.51 287.54 1.51
620 25.72 284.90 1.37
621 22.67 277.86 1.99
622 24.93 275._2 1.66

b23 17.34 275.12 2.38 i
624 17.00 280.08 2.75 f

=

625 15.43 278.87 2.82 i
i 62_ 13.60 277.19 2.85

i

628 8.22 275.17 3.19
62g _.47 276.79 3.43 l
631 6.23 279.59 3.59
632 18.38 350.88 0.57
633 19.30 350.15 0.56
634 3.82 270.51 3.35
635 2.78 269.91 3.62
036 5.96 269.10 3.13
037 6.39 270.73 3,12
638 8.11 268.56 2.94
641 8.16 266.66 2.99

| 642 7.87 264.82 3.06663 17.06 268.61 2.09
066 16.36 268.78 2.36
665 13-29 268.72 2.66
666 12.35 263.38 2.70
667 12.61 266.06 2.59
668 11.18 267.92 2.66
650 13.08 256.35 2.38
651 16.69 266,35 2.66
652 15.16 260.60 2.56
053 16.96 266.51 2.'B
656 20.29 258.90 2.06
655 21.27 258.10 1.93
657 26.63 256.58 1.27
658 23.85 258.36 1.68
659 19.35 250*66 1.30
662 16.62 257.02 2.15 ,
663 12.56 269.18 1.79
666 11.65 253.23 2.21 i
658 12._4 267.62 1.73
669 9.91 268.71 2.00
670 6.51 269.50 2.32
671 6.45 268.06 2.66
672 1.81 268.27 2.70
673 11.52 239.08 1.68
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Table XXXIX 6 (cuntd)

Latitude W, Longitude Elevation
Point (_,o) (Xo) (km) i

074 11.28 244.64 1.76 i
675 15.81 248.90 1.50
676 17.20 249.58 1.40

: 677 20.49 241.17 0.77
078 20.19 243.71 0.90

i 679 20.0_ 246,34 1.02
obO 21.82 248.78 0.97

! o81 23.61 250.06 0.87
! 682 26.1] 249.38 0.63

684 22.75 238.92 0.4_
685 23.33 242.07 0.54
bBb 25.70 239.76 0.22
6_7 IG.07 242.00 1.03
688 17.17 238.12 0.87
o8 =) 17.11 231.86 0,28
69J 13.18 241.76 1.69
091 15.35 240.26 1.23
092 iO.Ol 236.94 1.61
b93 9.08 261.02 1.86
096 8.56 236.92 1.44

• b95 8.51 231.53 0.67

696 6.27 239.71 2.07
697 2.11 242.6_ 2.55
698 1.74 240.75 2.5_
699 9.85 230.98 0.53
700 5.89 231.26 0.75
701 12.32 229.70 0.26
702 12.33 221.09 -0,66
703 21.79 227.42 -0.29
7C_ 21.23 226.77 -0.67

705 21.61 221.96 -0.69
706 29.88 229.41 -0.67 ;
707 2B,30 221.81 -0.92
708 29.13 228.25 -0.52
709 27.25 221.08 -0.96
710 9.67 221.39 -0.32

711 7.91 220.53 -0.33
716 2.1_ 221.32 -0.07 ;
715 11.B6 215.41 -0.63

_, 716 12,02 213,31 - -0.69
717 14.75 222.40 -0.41
718 20.35 220.58 -0.76

'" 720 20.00 213.05 -0.86
721 24.73 221.63 -0,82

,%
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TableXXXIX-6(contd)

I"

Latitude W. Longitude Elevation
Point (¢,o) (Xo) (km) ..

722 _3.67 211.53 -0.88 11

723 Z6.76 21L.77 -0.89

724 27.53 208.27 -0.91 p
725 25.52 209.06 -0.8)

_ 726 26.56 202.31 -1.08 [
.. 727 21.7L 206.37 -0.95 i:

728 20.79 200°78 -1.02
¢

, 729 19.12 206.47 -0.91 i
i 73G 17.38 200.16 -0.97 '

731 13.77 208.10 -0.80

73Z 13.]4 205.27 -0.83 !

733 13.99 202.31 -0.87

,, 734 13.19 201.28 -0.88
735 4.51 199.63 -0.34

736 9.03 200.21 -0.72
737 11.16 199.46 -0.87

738 13.64 198.59 -0.94

739 13.51 193.04 -1.13

740 12.28 190.83 -1.19
7_I 23.69 201.68 -!._5

i 742 Z7,SZ 200,49 -1.14743 20.7Z 197.12 -1.12

744 20.79 195.01 -1.20
745 20.62 190.50 -1.3_
7_6 17.44 190.98 -1.27

7_7 15.43 190.29 -1.26

750 II.82 181.40 -1,36
751 20.89 185.44 -I,B5 :
752 Z3.93 181.01 -1.41 ,

753 3.38 178.40 -0.29

75_ 1.99 178,19 0.01
755 2.73 172.41 0.21

756 13.58 177.97 -1,32 :!
757 13.33 175.83 -l.2b

758 17.88 182.77 -1.32
759 15.11 181.51 -1.31
760 20.64 178.51 -1.38

761 20.74 176.98 -I.63 ,_

762 19.98 174.74 -1.57763 22.51 181.13 -1.35 ,_
, , 76_ 24.78 181,20 -1.35 )J

765 26.73 182.51 -1.37
766 28.04 180.42 -1.44

!t

!: 76_ 12.82 169,42 -0,98

_ JPL TECHNICALREPORT32-15_, VOL, IV / 555
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_ble XXXIX6 (contd)

t E

Latitude W. Longitude Elevation

Point (_,o) (%o) (km) I

h

i,

! 786 b.46 173.22 -0.40 t
i 787 6.51 177ol] -0.58

i 788 11.03 175.32 -i.09

791 9.47 169.30 -0.62
792 7.57 171.78 -0.47

793 16.02 170.53 -1.30

796 6.87 168.43 -0.26

797 8.94 157.60 -0.22
798 ii.89 170,26 0.09

800 -26.32 9.19 2.27
801 -26.90 7.60 2,29

802 -24.36 5.98 2.43

803 -27.04 14.72 2.21

804 -23.90 14.97 2.13

I 806 -18.50 4.55 2.45807 -17.05 8.30 2.B5

808 -23.96 7.71 2.42
_Og -23.06' 7.45 2.46

810 -22.96 4.33 2.50
811 -21.25 5.54 2.55

81Z -22.66 6.17 2o49

81B -19.10 1.23 2.49
814 -17o_4 3,49 2.39

815 -13.97 3.11 2.10

817 -12.45 1.08 1.99

_18 -14.99 358.73 2.32

819 -8.64 2.W_ 1.70

820 -9.62 0.57 1.78
822 -10.65 356.06 2.B0

823 -7.bl 358.32 1.80
824 -14.26 6.71 2.13
825 _ -4.60 0.52 1.40
826 -4.20 2.41 1.36

827 -5.35 358.71 1.60
828 -3.72 358.26 1.51
829 -8.58 I _.97 I.b9

830 -10.67 11.58 1.71

8BI -10.39 10.20 1.80
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Table XXXSX-6(contd) @

Latitude W, Longitude Elevation i!

Point (+,o) (%o) (kin)

832 -8.92 10.47 1.66
833 -0.88 13.95 1,29
S34 -5.05 9.45 1.39
835 -4.28 9.40 1.35
836 _3.22 12.19 1.20
837 1.40 8.21 0.89

! 839 -12.40 14.81 1.58
840 -16.75 13.34 1.98 _
841 -16.26 12.42 2,03

J
842 -14,10 11.75 1.94

• B43 -15.30 13.36 1.88
_44 -IU.90 9.24 2.50
845 -13.14 9.96 2.03
846 -8.83 7.30 1.70
847 -22.41 10.54 2.42
848 -18.66 12.07 2.24
8_9 -18.28 14.43 1.97
850 -23,11 13.91 2.17
851 -17.76 15.08 1.77
852 -22.63 16.42 2.00
853 -22.36 15_28 2.07
854 -20.35 14.52 2.09
856 -21.74 IU.28 2.47
857 -Z3.5_ 16.12 2.06
858 -22.64 z7.44 1.92
859 -21.42 19.6_ 1.65
861 -25.49 16.83 2.13
862 -24.17 2.73 2.5_
863 -22.07 0.23 2.56
864 -21.52 355.78 3.06
865 -20.33 359.84 2.57
866 -17.61 358.86 2.5_
367 -14.93 357.97 2.41
868 -16.70 353.81 3.38
869 -12.60 356.03 2.47
870 -11.91 351.71 2.93
8/1 -11.1_ 353.80 2.62
872 -9.71 356.39 2.1_
873 -5.13 355.32 1.95
874 -9.01 35_.63 2.35
875 -5.84 353.08 2.26
876 -6.39 352.13 2.42
877 -1.95 350.11 2.27
878 -2.31 352.17 2.08

-- _ (
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Latitude W. Longitude Elevation

Point (_,o) (Xo) (km)

879 -0.53 353.51 1.78

880 3.37 348.53 1.96

881 4.09 354.69 1.27

882 -2b.00 358.09 2.71
883 -2_.09 358.91 P.65

; 884 -23.20 356.45 2.93
! 885 -24.95 358.05 2.73

j _87 -20.27 353.09 3.46
888 -24.48 354.33 3.11

J 890 -18.55 355.26 3.D5 i
891 -17.86 353.14 3.27

892 -19.26 351 88 3.55

893 -13.97 352.71 2.98

895 -15.16 349.05 3.48

890 -E.74 350.94 2,75

897 -9.99 352.55 2.66

89_ -I_.40 346.94 3,15
899 -9.21 348.58 2.98

900 -5.87 349.91 2.62
901 -8.50 347.46 2.98

_02 -9.18 344.92 3.14

903 -8.33 343.82 3.15

906 -7.56 365.45 3.01
905 -4.51 340.87 3009

906 -3.69 342.71 2.95
907 -2.55 366.00 2.76
908 -17.21 351.23 3.65

909 -17.75 348.66 3.7_ h

910 -21.95 351.09 3.60
911 -23.85 11.93 2.29

911 -6.13 368.82 2.55

913 2.75 365.33 2.31
91_ 1.68 344.56 2.46
915 1.24 360.70 2.76
915 0.87 340.30 2.86
917 6.41 342.67 2.35
918 5.26 339.96 2.b9

919 5.21 337.72 2.73
920 -24.56 195.70 3.35

921 -25,30 188.66 3.16
922 -28.62 190.66 3.29 i
923 -22.66 19_.05 3.26
926 -2.70 178.67 0.46

_" 925 -2.33 177.80 0.68
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TableXXXIX6 (contd)

Latitude W. Longitude Elevation

Point (_,o) (_o) (km)

926 -3.70 175.30 0.79

927 -7.22 175.06 1.21

' 9_8 -5.38 175.55 0.95

929 -9.59 178.31 1.19

93D -10.32 173.34 1.28
931 -10.90 176.26 1.53

932 -9.52 175.94 1.39

j 933 -I0.90 174.25 i. 70

93_ -9.54 173.45 1.60
935 -11.40 172.77 1.89
935 -16.63 173.92 2.23
937 -15.42 176.38 2.30
938 -ii._7 180.08 1.64

939 -12.72 178.20 1.62

963 -13.07 177.27 1.86

961 -16.44 178.01 1.88
962 -15.46 178,27 2.00

966 -15.87 183.61 2.25

9_7 -16.85 180.85 2.19

968 -17.71 178.81 2.28
949 -15.43 184.88 2.61 i

950 -17.51 185.68 2.61
951 -18.84 184.16 2.68

952 -19.2Z 186.27 2.86
954 -20.33 185.76 2.96

955 -21.57 183.31 2.80

956 -17.30 188_29 2.76

957 -22.06 186.28 2.87
958 -22.90 186.08 2.99

959 -2Z.31 187.76 3.09

960 -26.18 187.67 3.07

9bl -24.13 188.68 3.15
962 -21.88 190.61 3.20
963 _ -18.16 180.18 2.33

966 -19.85 180.49 2.59

965 -19.51 181o73 2.62
966 -21.26 \180.31 2.61 '_
959 -22.57 _90,55 3.20
970 -Z6o67 190,96 3.24
971 -23.8_ 196.09 3.29
972 -25.91 193.19 I 3.33
973 -17.85 189.05 2.87
976 -18.63 188.36 2.90
975 -19.69 189,22 3.11

:i
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Table XXXIX.6 (contd)

Latitude W. Longitude Elevation
Point (_,o) (%0) (km)

976 -19.41 191.38 3.08
977 -IZ. dl 186.94 2. i0
97t_ -14.12 186.69 2.25
979 -14.26 138.49 2.40

i

• 98C -15.22 187.60 2.46 I

981 -Ib 90 189 42 2.66 |
982 -16.83 Id8.38 2.71

98a "19.74 194.5,', 3. II
989 -21.40 191.82 3.20
991 -15.96 191.33 2.68

• 992 -16.79 189.47 2.78
993 -iI.8_ 188.48 2.11
994 -7.82 184.97 1.21
995 -7.95 186.49 0.38
996 -3.02 185.52 0.39
997 -7.4o 184.34 I,II
IODO -5.31 185.45 0.79
fOUl -4=76 143,37 O, 67
1002 -b.41 183.39 0.92
1003 -5.35 179.70 0.67
I00_ -Z4.04 139.44 _+.35
1005 -25.20 145.8(, 4.1_,
100b -25.09 143.23 4.22
1007 -23.57 143.E 9 ',.23
10_8 -21.10 140.33 t,.44
1009 -20.85 138.44 4.70
IClO -23.19 140.81 4.33
1011 -25.72 140.52 4.25
1012 -15.64 138.66 \4.70

fr

1013 -19.78 140.37 4.45
I01_ -15.92 141.27 4,31
1015 -Ie.77 137.86 4.83
1015 -15.65 136.83 5.05
IC17 -13.58 136.48 5.10
1018 -13.18 137.76 4.87

1019 -14,66 133.00 5.73 t
1020 -1_ • 23 131.82 5.95 _
,1021 -13,42 129.95 6.30

1022 -10.87 131.73 ' 5.91
1023 -10.30 132.2:) 5.81
1026 -12.23 130.61 6.15
1025 -BO.70 143.11 4.19 ; _ m
1026 -31.97 147.55 4.03 i
1027 -27.84 150.4% 4.11 _'_

{ .

560 JPL TIECHNi_A_. ItEPORT 32.1550, V(;L. IV

I I I I _ i; --_ ' ""
........ "_ Ill i [

i

1973023947-567



Table XXXIX.6 (contd)

Latitude W. Longitude Elevation

_ Point (_, o) (_o) (kin) I
i

i028 -14.48 129.26 6.43

1029 -15.36 129.36 6.43

1030 -13.47 127.51 6.66

1031 -14.27 125.40 7.02

1032 -13.18 125.57 6.7B

1033 -10.81 128.19 6._7

, 1034 -10.57 126.85 b.55

1035 -lO.O0 122.96 7.11

1036 -8,52 125.99 6.62

1037 -7.39 123.86 b.77

1038 -_.07 123.83 6.84

i03_ -17.73 177.95 2:34

i04_ -19.3_ 177.28 2.53

1041 -9.83 IZi.36 7.32

1042 -6,75 121.50 7.00

1043 6.95 120,07 7.19

104q -4,93 121.73 6,79

I045 -4.23 123,45 b.51

1046 -2.90 126.25 6.04

I047 1.06 120.90 6.26

,' i04_ -2,32 120.39 6,57

1049 " _.i8 122.66 5°95

I_50 5.76 12].40 5.53
1051 3.94 119.11 6.14
1052 - ,_ 4.42 116.56 6.34
1053 _ !.39 124.66 5.8i

I05_ _i:_.4o 132.98 5,75

1056 • 14.74 131,83 5.96

1206 32.89 89.14 2.54

' i201 32.16 96.14 _2.82

12_2 32.46 86.92 2.61
/

120B 34.05 81.76 2.48

1_04 38.90 83.81 1.87

1205 39.6: 80.20 1.83 r

/206 40.25 75.62 1.22
1207 42._9 89._7 1.4_

12_8 42.19 82.59 1.57

I_0_ 44.10 78.73 1.25

1210 43.69 7_.82 '_ 0.78

1211 40,84 69.58 0.33
., 12L2 49.08 68.77 -0.39 ""

1213 47.49 73._8 0.22

1215 27.20 76.66 2._1

1216 33.31 '76.25 1,98 "_

i

l
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TableXXXIX-6(contd)

Point Latitude W.Longitude Elevation

(_'°) (_ °) (_)

13J_ 3_.90 36_.66 -0.31
1306 q6.c_ 347.46 -0.66
1307 65.._ 341.72 40.66

1308 29.25 345.92 6.21

1309 32.9% 340.80 0.55

1310 36.54 343.38 0. I_

i 1311 40.86 334.43 0.3!
1312 6b.02 334.69 -0.21

1313 22.57 332.09 1.66

1316 31.31 337.64 0.81

; 1315 34.05 337.95 0.06

1316 32.51 333.39 0.88
1317 33.77 329.62 0.88
1318 32.27 332.58 0.75

, 1319 3_.68 331.39 0.24
' 1323 41.57 327.66 0.26

1321 39.70 321.12 0.11 i
1322 45.85 330.63 -0520 !

1323 60.05 324.67 0.18

1327 32.46 326.88 0.76
1328 33.16 317.35 0.67 L..._

1329 36.29 322.89 0.64 1
I 1330 35.06 323.51 0.60

/1331 39.88 315.79 0. I0

1332 4G.30 310.02 0.21
_333 67.50 319.22 -0.39
1336 45.02 320.30 -0.26
1335 26.60 315.09 0.89

1339 33.93 308.22 0.61
1360 37.67 311.21 0.28
1361 39.76 306=66 0.19
1362 6_.12 306.68 -0.15
13%3 48.36 306.27 -0.51
1364 28.10 305.75 0.82
1365 27,67 309.66 0.68
1366 30.75 309.23 0.50
1367 33.05 303.63 0.57
1368 33.39 298.96 0.06
1351 61.97 298.98 -0.06
1352 60.06 297.66 0.1_

_-'1353 39.11 292.77 0,21
1356 46.71 295,85 -0,26 .
1355 65.62 302.67 -0.30
1356 29.07 300.75 0.96

/
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_ble XXXIX_ (_ntd)

I

Latitude W.Longitude Elevation
Point (¢,o) (%o) (km)

1357 30.75 296.49 0.85

1358 33.98 Z92_80 O.bE ,

1359 33.i5 288.43 0.66
• 1363 30.15 295.77 0.28

1351 35.45 292.40 0.52

1362 41.46 294.60 0.01
1303 27.07 292.35 1.[6

i 1304 41.56 287.23 -0.05
13o5 39.55 289°24 0.17

, 13_7 30.58 288.41 0.39 I
1308 34.58 264.47 0.4_
13_? 38.26 284.31 0.13

• _37l 40.31 273.00 0.42 ;

1372 28_1l 276.5[ [.28
1373 25.77 272.22 -0.11

1374 21.93 272,64 -0.06 i
1375 33.87 275.91 0.76 !

1370 33.50 278.92 0.53 "
1377 32_58 273._6 I.II

i378 41.81 272.25 0.35 !

1379 3_.95 278,36 0.25
1380 Z_o88 266.78 1.60
1381 25.96 265.99 1.69

1382 28.76 262.28 1.50
13_3 29.76 271,04 1.56

-, 1384 33.38 265,60 1.21

L385 34.10 262,07 0.90
1386 37.14 Z68.0_ 0.85
1387 36.86 26_.27 0.64
1388 40.58 261.42 -0.07
1389 39.69 254.63 -0.41

i390 38.74 260.81 0.11
1391 38,52 256.11 -0.18
1392 30.II 263,78 I._6

1393 32.80 257.38 0.73
139_ _3.00 252.65 0.23 -
1395 36.26 260.63 0.46
1397 2_.55 253.49 0.79
1399 32.60 248.76 0.06

1_00 32.U5 2_3.68 -0.20
140_ 34.43 250.44 -0.04
1_02 36.57 252.28 -0.15 ,
1403 35.71 249.38 -0_35

,_ 1_06 39.31 243,83 -O.b5

1
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TableX_(IX-6 (contd)

Lat itude W.Lougitude Elevation

Point (_,o) (l_) (km)

14C5 42.94 246.10 -9.38 ;_

1406 40.44 23_.37 -0.83

1437 2C.16 243.36 0.15 ;
14Cd 29.83 243.52 0.30 i

: 1409 34.37 23o.77 -0.47 i

/410 33.21 233.16 -0.52

1411 35.62 238.43 -0.52

1412 38.tI 236.81 -0.76
i413 41.7c 233.2L -!.06

141_ 4u.15 227.87 -1.39 !

° 1415 24.71 235.57 0.08

i 1418 _4.23 230.68 -0.62
> 1419 34.33 226.31 -O.8t

1420 32.47 223.79 -0.94

i_21 3_.20 226.78 -1.05

1422 41.53 223.92 -1.38

1423 40.85 218.56 -1.48

_4_4 30.24 226.66 -0.67

• i425 26.33 226.48 -0.53
142b 33.67 221.08 -1.22

1427 32.09 216.41 -1.07

• 14L8 36.6D 221.96 -I.25

1429 41.47 209.25 -1.29

1431 28.76 215.29 -0.97

1432 25.24 218.28 -0.94

1433 29.84 2i7.03 -I.03
1434 33.63 210.06 -0.9_

I_35 B_.77 205.26 -i.08

1435 34.46 215.74 -I.13
1437 36._ 213.24 -I.II

1438 39.11 20_.75 -1.27

1439 41.34 199.88 -1.55

144_ 44.50 207.DD -I._5

1441 29.06 210.4-5 -0.86

1442 32.44 208.58 -0.95
1443 29.8o 205.87 -0.99

1444 31.9d 202.13 -I.18 /
14_5 33.82 196._4 -I.37

1446 33.71 202.69 -1.21
1447 3b.98 204.67 -I.22

1446 37.86 201.07 -1.38
144_ 41.25 196.44 -1.51
145n 39.59 194.01 -1.47

1451 25.55 197.21 -1.21

\
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Table XXXIX.6 (contd)

Latitude W.Longitude Elevation I_

Point (9'°) (xo) (km) !

i5Sb 32.21 129.53 1,45 Ii
1507 33.79 126o71 1.75

lbCd 28.70 125.77 2.5_
1509 26.96 122_74 3.26

; 151a 27.04 126.25 2.77

1511 20.49 124.37 3.11
_ 1512 33,20 12_.02 2._1 I

; 1513 39.55 121.35 1.70 I'
151_ 42.6_ 119.97 1.41 I
1515 45.41 123.65 0.72

151_ 47.03 120.99 0.70 ;
1517 46.21 115.13 0.95 !

1519 27.G7 118.79 3.68
152D Z5.77 116.98 3.83

152L 41.14 110.35 1.6t i

1522 40.07 113.97 1.82
1523 _4.41 109.93 1.18 i• !
1524 41.43 117,76 1.60

1525 35.91 117.84 2.53

• 1526 33.38 116.57 3.09

I 1527 32.64 112,.90 3.16
i 1529 49.45 116.20 0._6

153_ 48.17 112.08 0.70

1531 55.05 114.78 -0.301532 28.58 116.03 3.67
1533 30.00 113.75 3.50

1534 26.49 109.24 / 3.90
1535 25.b0 104.79 3.84
1536 32091 107.86 3._I

1537 32.60 104.43 2.95
153e 37.51 111.12 2.20

153g 35.22 108.70 2.BI

1543 39.93 105o43 1.85
1541 39.37 101.64 1.85

1542 42.79 106.90 1.46

1543 46.01 100.83 1.06

1544 48.36 96.13 0.61
1545 27.70 106.12 3.63
1546 31.37 99.7_ 2.97 _
1547 33.81 99.78 2.62

1 1548 36.38 98.95 2°24
_549 37.52 102o8_ 2.13
1553 42.q0 97,76 1.43
1551 40.14 94.12 1.73

,J
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TableXXXIX-6(contd)

I,

Latitude W.Longitude Elevation

Point (¢,o) (%0) (km)
i

L55_ 38.21 95.84 1.94
1553 44.49 91.01 1.18

1554 54.Z7 97.24 -0.16

i 1555 51.92 90.92 0.22
: 155b 58.69 102.97 -0.68

! i557 58.77 94.70 -o.7_ i1555 35.5 93.58 2.26
 s59 38.86 8 .io 1.bi

I

i 15_i 28.97 94.98 3.16 !
15_2 43.27 85.11 1.43 I

1554 51.87 125.59 -0.14
1565 o6.41 278.19 -1.28

15bb 55.18 93.24 -0.26

1568 _4.53 109.29 -0.95
15_9 54.85 88.15 -0.15
1570 59,11 115.38 -0.88

_571 52._I 297.19 -0.83
157B 58.83 289.51 -I.33

1574 b2.09 289.20 -I.30
s

• 1577 45.07 27_.84 -0.32

I 1578 43.20 244.44 -0.9315/9 49.21 241.31 -1.51

1580 41.48 236,00 -0.97
1581 55.27 227.01 -I.80

1562 53.b4 225.67 -].91
1553 59.63 222.II -1.82

158_ C6.61 216.34 -2.28

1586 58.71 214,02 -Z.B4

1587 53.74 195.93 -I,98
1588 48.93 199.55 -1.80

1591 60.27 207.25 -2.&7
1592 79.83 215.38 -1.17

1593 72.21 214.48 -2.15

1594 60.5_ 230.91 -"1.60 i
1595 55.01 256.17 -1.40

, 159b 48.77 271.03 0.01 "1 r

1597 51.88 267.35 -0.50 ,
1598 69.23 270.36 -1.26 ?

1599 50.34 77.03 0.35
IbO0 11.58 133.75 11.80 ,
1601 1_.2_ 129.47 9.55
lbO2 15.2_ 130,85 12.57

1603 17.49 133.52 27.05 ,_

, 1604 17.42 129.33 ll.8b __

/ , , ,.

o
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Table XXXIX 6 (contd) ;,

Latitude W.Longitude Elevation

Point (_,o) (_o) (km)

1605 14.35 131.49 11.42

1630 19.06 133.10 25.07

ibJ7 Z_.23 133.50 4.29 "

, 1688 20.o7 135.44 6.03
E

1009 i_.75 135.79 9.00

1610 53.96 81.20 0.08

loll 50.08 61.27 -0.83

iolg 51.95 64.53 -0.86
i 1613 53.60 70.97 -0.62

1014 _9.43 43.77 -1.90
!

I_i5 60.68 58.02 -2.15 t
Io16 54.46 39.00 -2.53

lbi? 49.78 34.72 -2.26 ,
' 1618 53.94 31.64 -_.263

1619 47.43 28.00 -2.26

1620 50.93 18.40 -2._6

1621 49.07 13.65 -1.98
• i_22 43.65 23.87 -1.94

1623 62.59 23.57 -2.78
1624 50.20 8.31 -1.85

1025 55.82 21.57 -2.51 ;
1627 76.89 55.11 -1.49

I_28 85.03 7.78 -0.43

1629 74.73 13.62 -1.50

1630 72.02 15.64 -1.83

1631 73.74 358.35 -1.49
1632 77.04 334.32 -I.00

1633 73.28 333.42 -1.25

1634 68.77 347.69 -1.74

1635 43.25 _ 5.32 -1.44

1636 50.03 356.91 -1.24

1038 62.27 353.69 -1.34

1689 65.25 329.04 -1.23

16_0 61.39 336.11 -1.48

[641 56.5_ 337.64 -1.36

1642 54.41 333.7l -0.89

1643 49.49 339.20 -1.02

1644 _9.59 334.95 -0.68

1645 54.15 188.86 -2.00

1646 54.53 183.15 -1.96
1648 55.00 169.51 -2.27
1649 52.83 160.92 -i,88

:t
1653 57.11 159.09 -1.88
1651 61.0_ 170.60 -2.40

/

t
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Table XXXIX-6 (contd)

Latitude W.Longitude Elevation r
Point (_,o) (k°) (km)

lo5Z 72.19 306.51 -I.02

1o53 60.49 303.50 -1.37

• Ib54 70.17 295.29 -0.56

i lo55 6Z.17 318.83 -1.4_ 'i

1o56 68.54 160.89 -2.14
1657 79.01 153.!7 -1.02

i lo58 64.67 139.17 -1.42 :
1659 t0.75 138.32 -I.32 i

I 16bO 04.88 126.3_ -0.97 i

i 1661 57.87 134.37 -1.04 1
16o2 53.6_ 244.57 -1.52
lo63 67.21 246.72 -1.39
1666 25.23 191.55 -I_39

1667 26.82 192.22 -1.39 l
lob8 2U.62 19_.09 -1.49

16_ 22.17 190.23 -1.3@ i
1678 7_.30 308.32 -0.74

)

4

)

!
r)

Sf" Iq

/

)
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The University of Texas, /_ustin, Texas 78712

and

Lunar and Planetary Laboratory
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t t " "|" '

: The television experiment of tile Mariner 9 .Marsorbiter as th(/ M9 s) stem) and tile trad}L]onal astronom]e,-tl sys-
has provided several thousand pictures of the planet with tern/mbodied in the physical ephen_eris of Mars as pub ....
a resolution limit some 2 orders of magnitude smaller 1.':shed{n the current (British) Nautical Almanac and the

than the best Earth-based telescopic photographs. The American EPhemqris (hereafter designated as the NA3
/

large-scale (1:5,000,000) maps of the planet that ,_re being system).

prepared by the cartographic teams of the U.S. Geological
Survey, Astrogeology Branch, in Flagstaff (topography) The fundamentals of the pl',ysical ephemeris of Mars _,.

, and of the University of Texas, Astronomy Departme:at, have been presented by de Vaucouleurs in Ref. XXXX-1; ,,:-4
in Austin (albedo), require a commensurate improvement the expressions ado _ted at the Jet Propulsion Laboratory

'/in the definition of the areographic coordinate system for the planetary equators and orl:its have been reported .,,.
,:, used to locate features on the surface of Mars. It is tim by Sturms in l/t,f. XXXX-2. Briefly, the areograpl.ie co-

purpose of this section to explain and justify the redefini- ordinates _, latitude, and ,L west longitude, of a point P r_
tion of the Mars-centered system that has been developed on Mars may be computed from the following input

hy the Geodesy/Cartography Group of the Mariner 9 elements:

felevision Team and adopted for future cartographic (1) Apparent coordinates (X, Y) of P at the instant t "_

products. Early map products (dist,'ibuted before No- of obs,:_ation with respect to the eeuter O of the -_

vember 1, 1972) were gene.rally consistent with the cur- disk, the )' a:'is being the projection of tim spin axis a_t_{

rent American Ephemeris system. We will also establish, 'or tb_ p]anet _n a r, , 'e normal to the direct:on ._
insofar as is possible, the relations between this new "t,,'maed by the ceIJter of Mars and the obse.'ver, _:_

"Mariner 9 cartographic system" 0mreafter dcsig,mted or i, the case of the spacecraft the c,.',-linates in ' 4,_
• K , _,
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an "image plane" normal to tile direction of tilt, OX, OY the rt,ctangular axes defined by tilt. ",',tt'r _)t lh,.
oL '. ation, disk O and r;_e proicction OY of tilt" rotation ,t_l_. TI,.

/ ('_) Direction of tilt, spin axis usually specified bx tilt' _ectangular c¢_m'dinates of P are

equatorial coordinates a,,. 8. of the north (celestial) X/_ = cos 0 sin (X -- o,) l
pole of .Mars for a {ix,,d equinox. , , I_

Y/R = sita 6 cos D - cos ¢ sin D cos _,_-- ,,,)(:3) Direction of the ol)server with respect to the center
!

of .Mars in an inertial roordinatc system (or equiv- X is positive with _. - ,,, in the astronomical s__tt'm ot
alent celestial coordinates/, arcot_raphie longitudes incrcasinK westward o,, t',, pl.mt._,

(4) Direction of the prime m',ridian on .Mars at time t. i.e., OX > 0 toward the mornin_ terminator m tlw c.,t_,
usually specified by the longitnde o,(t) of the ecn- of Mars. (Longitudes reckon-,d in this traditinn,d h.f_-
tral meridian with respect to the origin of arco- handed system, reatfirmed by Commission 16 of tlw I \t
graphic longitudes, at its Brighton meeting in 1970, arc more spccitic.dh

labeled "west longitudes" in Mariner 9 doculnt.ltts t_
15) Sha:'-, of the lcfcrence splwroid, usual, defincd

avoid co,ll'tt,,,itm with tile east longitudes, i'.c'rt'asin_ m
by the ellipticity (tlattening) f = (a--c)/, of an

the direction of rotation used in some Marine:': 6 ,tntl -
ellipsoid of revolution wl,ose pC axis c coincides documents.)
with the spin axis.

We will re-examine each of these elements in tb,: li.--,ht Reference i'. made to earlier publications (Rt,fs. XX.NX-3
through XXXX-5) for a descriptior, of methods of "/t';.t-: .new information.

: P:/ surement and reduction of arcographic coord:nates f,'.m?

-:-' Earth-based telescopic observations (visual or ph.t_l-

A. apparent Coordinates graphic). 'In general, the true pre..i'.:on of indixidnal
measurements (as derived from ex_.ernal errors) is lowcr

Consider first the case of telescopic observations: i.e.. than the original observers quoted, on the ord_'r ot

tile orthographic projection of a spherical planet of radius 3 to 4 d,g,'ecs areoeentrie (mean error) for ch'awint,,_,
R observed from a great distance (Fig. XXXX-t). We o to 3 degrees for photoglap,:..Mean coordmah's ol
_,eglcct here tile effect of cllipticity discussed later. Let secularly stable surface markings (albcdo stationH. I, .s_.:l
x and 0 be the planctoccntric longitude and latitude of on all available t.',lescopic data of tilt, p_-st 80 " _ .b0 vear_
a point P of the surface, D the planetocmltric latitude of al,d reduced to a homogeneous svsten; have no,nin,d

,.._ the Eartl_, _,, the longitude of tile central me-idian and mean errors on the order of 0_.5 to l °, dependin_ on tlw
.' number and quality of the t,uservations and the charach'r

XX.,X-o, Overall, the net formed byy of the station (Ref. " "v - -_
the ensemble of the best shltions _about 100) may be said
to represent the longitude system to within a few h'uflls

' ",mits tn a h,w milliseconds the precision with ,"hich tin'

/ \\,./. ._ rotation period of Mars may be derived from tilt' past
/ " -f-- -_ 7._P(>.,_)_ century of observations; more generally, the relative pn..

/ I' II _ \ cision is ,r,/P_ IO-'VaT if ._.T is the time base in
centuries.

X

¢ Consider next the case of spacecraft observations in
v'hich a p_cture of a small fraction of tilt, planet is tt,h,-
v,sed from an orbiter at tqose range (approx ]0 '_to 10_km _.

, _ At the Jet Propulsion I.aborator.v. the trajecto O" of tlw
/ spacecraft is cemputcd in a Mars-centered right-hand

inertial coordinate system in which the axes are defin,.d
by mean Earth • ' " ., eqt,,_or and the equinox of 1950 0 (Julian

O "Ephemeris Date 243328.,.423357_; Ref, XXXX-2'.. Con.

; Fig.X,x,XX-1. Marsapparentcoordinatesfor telescopic ventional areoeentric coordinates R, ,_, x (radin" in kih,-
e_-.?,rvations,, meters latitude, west longitude) are used to' dt.tqnc tie'

• "i
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positiml o1 a Imint tm tilt' surface of .Mars. Tlu-,'e body- s,-h'ctcd surlrace n,ark,n,_s +Rot. XNXX-bk IX'tails .f tl,"
fixed ",hlrs-,.quatoriai cxmrtlinates can bt, co,.crtt,d to dlstqls',mu of ttn_," and other dch'rmi,l.diun: _-'_. _.i_,-,
th<"ceh,+tial .M,,r_-cquatorial svsttm by u._e <ff tilt' ortho-- by de \'aucouh'urs in Rcf. XXNX-I. Thi, mean value.
onal matrix? IV. which is a simph- rotation throu,j+ the recommended hv IAU Commission 4 in 1964 .rod C<ml-
an_h' detint'd hv tilt" Mars prime meridian ith:" lixtxl mission 16 in 1967 <IA[" Tr;m-actions Vol. Xlllk p. i05.
sv+h,mt and tht- Mars x'crnal equinox. Ill I+oth systems, the 1966.and Vol. XIlIB. p..tJ4. !.968L has bccn adopted hv
th,'d axis is in the direction oi the plaut't's spin axis. the American Ephemeris ()lfice for thcl.hysical ephemeris
Tht, ortho_onal matd,:.' 31. is used to rotate (_ordinates of Mars since 1968. A revised ephemeris for ti," years
from tilt" celestial .\lars-t'quatorial svstenl into tilt' mean 1_77 to 1967 was also computt'd i,_ the same svsh.m ,at
equinox and Earth t'quatt+r o[ ;95;2.0 system..all of these the L'. S. Naval Observat'_rv tRt, f. XXXX-.qL This chan_t.
coordinate svstems have their c. +'.'htat thc el., . ot Mars. in the poh" from the previously adopted v;,lues 1317:.5.

+54°.5 _ inh'c_tluc,'d the curr,.nt (NA3_ svsten:. All other
The teh,vision c,'amera coonh_cw, system h;,s its origin constauts rcmaincd tile same as those used between 1960i

at the principal point of tb:, _.ptics. with ,ixcs in the and 1967 <XA2 svstcmL The constants used in the physi-t

' direction of the optical axis and the imagc plane pattern cai ephemeris of Mars between 1869 and 1967 were
of reseau marks. If S+. S,. S: are the .Mars-centered tabulated by dt + Vaucoulcurs tRef. XXXX-I).
rectangular coordinates of tile spacecraft referred to the

i ' mean equinox and Ea:th equator of 1950.0. the camera New determinations of tile spin axis of Mars made hy
,_ coordinates t._. 'l. -_) of a point F on Mars having areo- several methods during the Mariner 9 flight and a new

ccntric coordinates (R. ,_, x) are given by _alution from all telescopic observations of the natural
satellites from 1877 to 1969 have recently apptulred. The

confidence that the mean values
= CMW R cos 4_sin (360 ° -,Q - C S_ (2)

LRsin 6 S. _L,= 317°.32, 8, = + 52°.68 (Equinox 1950.0_

The matrix C _otates the axes from the 1950 Earth- adopted on Marclt 28. 1972. at a meeting of the Mariner 9

equatorial system to the camera image-plane coordinate Geodesy/Cartography Group are probably correct within
system. Further details can be found in Ref. XXXX-6. a few minutes of arc. Tit/. individual determinations in

I The coordinates (x,, y_) of this point P in the focal plane Table XXXX-1 have estimated uncertainties of 0°.05 to
of the camera are: 0°.1 and agree with one another within 0°.08 in tt and

0°.i5 in 8.

x'_=_ f, y_ = ";f (3) The shift of the pole location in celestial coordinates
" from that adopted ih the NA3 system is Actcos _ = +0°.29

.. where f is the focal lengtlt of the lens. The subscript c in- attd a8 = -0°.32. The corresponding change in the incli-
:::' dicates computed values of x, y on the assumption that nation l of the planet's equator to the plane of its orbit ,.

M, W, R. S. Sv, S: are known, is from 24°.94 to 25°.20 (1950). :
\

:Z:_-", 1. Remarks on PrecessionCorrections
/

/ B. Spin Axis The con,bination of the Earth and Mars polar motions
, The axis of rotation of Mars in current use in the leads in the first-order (i.e., linear)approximation to total i

American Ephemeris is defined by the celestial coordi- variations (per year) of approximately +0°.00675 in m,,
nates of its north pole referred to a fixed equinox, viz. and +0°,00346 in 8¢,for the NA3 pole (Ref. XXXX-1,

p. 239). Slightly incorrect valnes (+0°.006533 and

(_,= 316°.55, _o= 52°.85 (Equinox 1905.0) +0".003542. respectively) were used in the American
Ephemeris vohnnes of 1968 to 1970 ant1 m the revised

bei:ag the average of determinations from the poles of ephemeris for 1877 to 1987 (Ref. XXXX-J). Fortunately, 1satellite orbits (Rcf. XXXX-7) and from the paths of the cunmlative errors are too sntall (<0_.02 per century)
to be of consequence for the reduction of past Earth-

tDefined hi Ref. XXXX-2as fim,.tionsof basle constants,W - Vr, based ol\servations. The correctly recomputed rates
M-At. _ (+0°.006750 and +0°.003479, respectively) hay_e_ebeen
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Table XXXX-1. Equatorialcoordinates o_ :,;ars pole for 19,50.0_

.Xleflmd a 5, Rcf.

Sixth-(h t_r_-harmonic mt_lcl radio i_,h., fonr 317.32 (_-tk2, 52._1 ( --It.2 _ XXXX-14
rcvohttiou_ trackint_data

F.idlth-d_',-',,'e, r,ulio lm|e. "_Stevohtti.m¢ 317.2._Jg_(i.t5 ) 52.7s; ( "--0151 XXXX-14
trat.kinu d.da

I.a,uhnark tr,_cking in .¢_,th polar area: 317.3 -_(=tt :?._ 5:].71 t "-'l.l ,_ XXXX-14
rt-x (dutttm,, |-:_S

Star l)eimos TV oh_crvat:mis 317.37 ( _-(k2_ 5:2.77 ( =1).2 _ XXXX-15

Control m.t of s*lrfat-t"toix_graphic h..dures 317.37 (---0.15) 52.fi7 t-'-tl.i _ _"
f 133 st.l_ie,ns south o[ 31|°: revolutions
-(17-1.'32)

Pho|ms and ])t-iltl_ I ._1o7 tch_t't_pit" 317.31 ( _11.1,5, 52.6.5 "-0.3 XXXX-If/
obst.rvations 1877-196.q )

R,x-,,mm,,ndcd vahu_ 317.32 52.68

•q{t,|er,.-u,-_-(| t,, in(.dn t'_ltl.l|tit" .51.d t_tll/l//O'_ of l_)-_|l_O. Error i_t_mal('_ art" ill thlrt'l|thc'_t_. ['

I'D.felt's. M. i'_..p,.r.,on.d t.ommunit.dion. 1.q72.

incorporated in the Amerkxm Ephemeris bcginning with _(1950.0) = 317L32 --0:.IOllT t

the 1971 volume. Over lon_ periods of time, the linear !

expansions of the precession corrections are incrcasingly _(195(/.0) = -:-52°.fi8 _ 0:.0570T

inaccurate and. furthermore, the Earth hmisolar preces-

sion rates are more precisely known than the smaller where the Mars precession rates (per Julian Century)
have been revised according;),. Additional parametersMars solar precession rat('. To avoid the small, but un-

Ilcet'ssar.v, errors due to linear approximations of the r,,sulting from the new pole art.: t-------

Earth's precession, the following procedure, illustrated

in Fig. XXXX-2. was adopted. The NA3 pole at 1905.0 (1) Inclination of the Mars equator to the Mars orbit

was brought forward to 1950.0 with the correct linear i = 25°.19969 .- 0.01219T + 0._T:
prec,'ssion rates, to establish a new reference. Thereafter.

values of the poh, coordinate:; are computed in the 1950.0 1,2) Augle along the Mars equator from the 1950.0

s.vstem, using only the rates from the .Mars" precession Earth equator to the Mars aubmmal equinox:
(Ref. XXXX-2):

a:,, = 42 _.9:3538 - 0.09040T - 0.00010T-"

,1.(1950.0) = 316.8538 - 0.0996T (3) Angle from the .Mars vernal equinox to the Mars

L(1950.0) = 53.0066--0.0566T prime meridian (computed with the curreat NA :
definition of Mars longitudes) '

where T is measured in Julian Centuries from JD2433285.5. V = 148°.766801 + 350 °.891962 (.]D - 2433282.5)
Conversion of values from the above expressions to _:"

, equator-of-date coordinates using precise Earth preces-

,:. sion (lifter from the linear NA3 expressions by 0°.00fi!3 C. Direction of Observing Station :_
_.' in _t and 0°.00044 in _ for dates during the Mt, rim:¢ 9 "

, mission. Nonlinearity in the Mars' precession rates (T _ For an Earth-based observer the direction of observa- :.
..... terms) are negligible, amounting to less than 10 "'_degrees tion is fixed with a high degree of precision by the rela- _

_-" in 50 years. These constants were adopted in th," orbit tive orbital positions of Mars and Earth at the time -_.

':_' geometry computer program uscd at the Jet Prol:ulsion of observation, with allowance for light-travel time from

, ___ Laboratory during the Mariner 9 mission and arc reflex:ted Mars to Earth. This information is derived from the baste ,_
(._:: by the preliminary Mariner 9 cartography. ._
i(__ _Aaois equivalent to A in See. I1G of the Explanatory Supplement
e- to the American Ephemeris, cxcept that it is measured from

-"-_' Similarly, the revised pole adopted for the post.mission 1950,o Earth equator rather than the equator of date. Also 1
.._,_: Maritwr 9 mapping is at: a - • - e in Ref. XXXX-1. ,_ ' '_.
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Fig.XXXX-2.Methodfordedvlngnewpoleexpressions, i

theories of planetary motions through available tables of the sub-spacecraft point are on the order of +__0°.05near
rectangular heliocentric coordinates of the planets in an periapsis (about 1200 km above tile surface) and eorre-
inertial frame of reference (see explanatory supplement spondingly smaller values at greater-¢rcocentric distances.
to the American Ephemeris, pp. 16, 17) and is eventually

expressed in the orbital ephemeris by tile geocentric The direction of observation does not usually coincide ,,
apparent celestial coordinates of tile center of mass of the with the sub-spacecraft point, but is defined by the cone

planet at a given instap.t of ephemeris tinle. The remain- and clock angles of tile scala platform on which tile tele- _ t_
ing errors in tables of planetary inotiolls (<_I"), in the vision cameras and other instruments arc mounted. 7_
neglit_,iblc errors (<0°.01) in the derived areographic Because of deadband limitations and oilier factors, tile -:_

current (extrapolated) vahle of ET - UT(< 1 s) and tile direction of tile scan platform or, more specifically, of
usual neglect of the parallactie correction introduce tile optical axis of the cameras is not known a priori to
coordinates of the center of tile disk. At this point of tile better than -4-0°.25---a large angle compared with the ',
surface of Mars, the Earth is at the zenith at the instant 11° X 14° and 1° X 1°.4 fields of view of tile wide- and _,

of reflection, narrow-angle cameras. This initial uncertainty is greatly -_,_-
redtlced, however, by using information contained in tile i

In tile case of a planetal T orbiter, the corresponding picture, as is done in computing the control net. ?

concopt is the sub-spacecraft point, the point where tile,-
,_- straight line from the center M of Mars to the spacecraft The control net is formed by selecting a few topo-

crosses the surface of the planet. The precision with graphic features, perhaps taro to ten, on each frame, -'!
;,_:-" which this polut is defined for Mariner 0 depends on tile '" whicii call be located oil two or preferably more frames. 7

_, local|oil of tile spacecraft on its elliptical orbit (whether Tile most common feature chosen is a crater, and the si

near periapsis or near apoapsis) and on the precision of control point is defined as tile center of tile crater. Tile _ '
_:_:" ' tile orbital radio tracking, Navigation data suggest that positions of these points on tile frames are measured in _ ;"

_:,, in general the orbit periapsis nlay be located to witllin "pixel" (picture elenlents) units. The pixel nwasurements i._i

-+-5kill (along the orbit), and the time of passage of tile are corrected for optical and electronic distortions and

_ii spacecraft at periapsis ilia), be determined to within transformed into coordinates in millimeters referred to '• --+-1see. Tile location of tile spacecraft itself on the orbit tile focal plane of the camera. Corrections and tile lens
is defined to some "+'3 km (in each of tile three coordi- focal length arc derived from preflight calibration of the

_" hates) and about _0.1 see. Tile corresponding errors of television camera (Ref. XXXX-10).
_:',,, _;_.
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V(ith a laroc set of puiot_ and mcasuremt'nts, wv can I,q64--1877_ foilowin_ the lead of Beer and M:.idler who
solve for mauy unknown parameters by standard photo- first used this spot, nmrked a on their 18,37 map. as an
_rammetric procedures. The Mariner 9 computations origin. For some years after IS77. tht physical ephemeris
are designed to solve for the latitude and longitude of of .Mars. computed by Marth ul,t_l 1896. and by

the centrol points and the camera pointing angles when Crommelin after 1898, attempted to maintair_ this delini-
the frames were taken. The radii at the control points tion through successive changes of the input constants of
are dcrived from those measurcd by the occultation the ephemeris (for details see Table I in Ref. XXXX-1).
experiment, and the spacecraft's pos!tions when the pic- However, after 1896 and especially after 11t09.when the
tures were taken arc furnished by the JPL Navigation (British) Nautical Almanac and the American Ephemf_ris
Team. began publishing the physical ephemeris of Mars, the

original definition was virtually abandoned and the main

The procedure for solving for the unknowns is an itera- concern was the continuity of the ephemeris.
tire one in which c_orrections to approximate values of

the parameters are found. Measured coordinates (xo, y.,) This is the correct approach because there is an in-
exist hw each point on each picture, and coordinates herent conflict between the two possible methods of
(x,. !1_)can be computed for each point on each picture definition: either the zero meridian is defined ne varietur

using Equations (2) and (3) and starting with approxi- by a specific, fixed surface feature (the equivalent of
mate values of the unknown parameters (Pc). Then the Greenwich Observatory Meridian on Earth), or the zero
observation equations can be written is defined by an auxiliary angle fixing the direction of the

prime meridian at some initial epoch and its direction at
-- aay !ater time is carried forward from a knowledge of

Xo ij- x_ _ =_'_x2 _ AP_. (4) elapsed ephemeris time and an assumed value of the• " .._ _r_ "
_-=a angular rotation velocity of Mars. In the latter case, if
:, the rotation period adopted in the ephemeris is i:: error

= _,. _J by .xP, the areographie longitude x of a surface fe,_ture
yo. _i - Y_._J _ _p_ AP_ (5) will appear to drift slowly with time; that is, ,_,= xo +

B(t - to) and the drift rate B is related to the error aP
where the subscripts i index the points on the picture i through
[e.g., (xo. Yo)ij are measured coordinates of the i-th point

-on the ]-th picture]. The differential corrections, APe, aP =-6.91B
can be found by solving the normal equations correspond-

ing to these observation equations by standard least- where AP is expressed in milliseconds and B in areo-
squares procedures. If the starting values of the variable centrie degrees per century. An error of 0.007 see in P
parameters are fairly good. the iteration converges rapidly, will cause a drift of 1° per century in the longitudes.
This method of establishing a control net for Mars was Clearly it is not possible,/except by fortunate accident,
first used with Mariner 6 and 7 pictures (Ref. XXXX-6) to maintain over long r,eriods of time the coincidence
and later with Mariner 9 pictures (Refs. XXXX-11 and between longitudes me.asured from a fixed surface feature

XXXX-12; also see Section XXXIX of th_s Report). and longitudes measured by elapsed time. The frequent
changes in the constants of the Mars ephemeris between

The random errors associated with the solution of the 1869 and 1909 illustrate the point (Table I in Ref.
control net computation are rather small, perhaps 5 to XXXX-1).
10 km in horizontal position and perhaps O°,01 to 0°.02

/_ in determining the direction of the camera's optical axis. The ephemeris makers wisely decided in 1909 that
The systematic errors are most dilfieult to estimate; how- it was more important to maintain the continuity of

i" ever, they might increase the horizontal position error the ephemeris and that, henceforth, the zero point of the
,. to I0 or 15 kin, or 0°.2.

--- areographie longitude system would be defined by the
condition that on January 15, 1909, at noon, Greenwich

D, Prime Meridianand RotationPeriod Mean Time, that is, on January 15.5 Universal Time or ._."
• Julian Day JD 2418322.0, the longitude of the central .

The prime meridian (00 longitude) was initially defined meridian of Mars, observed from Earth, was o,o= 344 °.41.

by Sehiaparelli in 1877 as passing through the center of This definition has remained in effect unchanged to the
Sinus Meridiani (L)awes Forked Bay on many maps of present time throughout the vicissitudes of several sub-
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sequent cb.:u_-s m tho _)ther basic _.onstants of tlw Mars homogeneous system (Refs. NXXX-!, XXXX-3, a.d
ephemeris (for details sce Ref. XXXX-I_. The net result XXXX-5).
of this dcfinition and of these changes is that the current
lontdtude of thc centcr of Sinus Meridiani. and of the Specific-ally tl :' longitude of the central meridian is
south point of the dividing feature called Fastigium Aryn. _ivcn in this s,¢stem b.v
is ahout 357 ° in the NA3 system, but it would have been

\ closer to 358 ° in 1909 and in the NA1 system i, use be .... = (V - IS0°_ -- (A_: - 180" ) - 2.0266121)u
twecn 1909 and 1959. The difference arises mainly

'lhrouKh the chan_e in tile ephemeris rotation period where D_ is the Earth-Mars distance in astronomical
adopt¢_d since 1960 (set, below). In either case. the longi- units, and

: tude of Sinus Meridiani is definitely differcat from the 0 °
valuL, intended by the nineteenth century observers and V + 180 ° = IV,, + 180 °) +350:.891962 _JD-241&322.0j

: t is incorrect to show it centered at 0 ° .as it still is ou too
irony Mars charts, and. regrettably, on the de Mottoni with V,, = 149 _.475, for the areocentric hour angle of the

map of 19.58 puhlishcd in IAU Transactions, Vol. X. equinox (Rcf. XXXX-9).

Tile sidereal rotation period of Mars adopted in the A oonsistent expression was used in the orbit Kcometrv
ephemeris between 1909 and 1959 was P, = 24"37"'22'.6542 computer program during the Mari,er 9 standard ntis-
of mean solar time which corresponds to an angular sion. Toward the end of the mission, however, new detcr-

mi,ations of the pole and of the rotation rate becamevelocity' R; = 350 °.89202 per mean solar day. These same
values had been in use since 1896 in the .Marth and available. The pole coordinates have been discussed in

earlier paragraphs.Crommelin ephemerides. The pole coordinates were
changed in 1909. however, and as stated in the Nautical

Ahnanac for 1909. "As the adoption of a new position for Corrections to the ephemeris rotation period have been

Mars' Nolth Pole involved a discontinui b, in that ephem- recently derived from:°

eris, the longitude at the beginning of the ephemeris has (1) All series of visual and photographic areographic
been made as if the former value had been continued" coordinate measurements from 1877 to 1958 re-

(Appendix, p. 48). Note that the sidereal period is re- duced to the current NA3 system in the Harvard-

ferrcd to the vernal equinox of Mars which precesses Texas Mars Map Project (Refs. XXXX-3 through
about 7 arc sec/yr: hence the true rotation period of Mars XXXX-5).

with respect to inertial axes is 0.0012 see longer than the _2) All meridian transit observations from 1877 to 1971
sidereal period. The difference is smaller than the un- reduced to the same system.
certainty in current estinmtes of that period, but the
distinction will become significant in the future. (3) A comparison of coordinates of about 80 albedo

stations measured on Mariner 6 and 7 pictures with

A new determination of the rotation period by Ashbrook their standard coordinates for epoch 1909 as de- i
rived in (I).(Ref. XXXX-13) from meridian transit observations,

P= = 24"37'"22".6689 +_0".0026 (m. e.) of Ephemeris Time

and corresponding to an angular velocity R= = 350 °.891962 All three approaches are in good agreement to give a
drift rate coetfieient B _-2°.0 per century and indi-

per 24 hr of Ephemeris Time was adopted by the Ameri- eating that the current ephemeris rotation period P= is
can Ephemeris and used in the physical ephemeris since too long by about 14 msee, that is a corrected sidereal

1960. The change AP = Po.- P_ = +0.015 see introduced rotation period Pa = 24"87_22'.655 with an uncertainty
a cumulative difference ,xo,o= -0°,0212t - 1909.04) in of a few milliseconds. Note that/'3 agrees exactly with

- the longitude of tile prime meridian ammmting to about the value Po derived by Wislicenus in 1886 from tele-
1° at the beginning of 1960. seopic observations between 1659 and 1881, and it is

• very nearly (within 0.001 scc) equal to the value Pt in
As noted previously, when revised coordinates for the ephemeris use between 1909 and 1959. We may, there-

pole were introduced in 1968 no change was made in P=, fore, conclude that P._= Po is the best available estimate

: and a revised physical ephemeris going back to 1887 was of the mean rotation period of Mars in the past 3 cen-
reeomputed in this new NA3 system so that all areo- turies and that no further improvement is likely to appear

" graphic coordinate data could be reduced to a uniform for quite some time. . /,j_
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We u_:tv al_o presunw that this rcx ised value .f P. .Uarilwr 9 pictures is about (I.II5km t_rI)'-A_,)I ;_r,'ocentric.
to_t'tht'r with the new deterlumation of the pole of Mars. in the t.:,lture, when in_ht.r-resolution picturt.: l_,c,m,-
,v_ll eventuall'¢ be incorporated in the physimd ephenlt'ris avail,d_le". this point c(_uld be Incatcd to a hi_her (h,_ree
_NA4 system!, of precisien, if required, by rcfim,m_'nts in the (h.finition

,ff the geometric center. X.Vebelieve that the choice ot

Nevertheless. ev,'n with these improvements the in- this crater center fixes the prime meridian of Mars with
herunt characteristics c_f a system of areo_:raphie lont_i- a potential preci,;ion of (_).Oikm or Iwtter. which should
tudes based on elapsed time and rotation rate would sutfice to serve the nt't.tb; _f astrononw and of the space
remain, leadin_z to further rcvisions and chanlzes in the pro_r_,,m in thc ioresceable J;1.1tlll'e.

system. The Mari,er .9 Geodesy/Carto_ral_hy Group
proposes that the prime meridian of Mar_ he redefined The art, t_t_raphie coordinate system used in 31arim, r 9
by a fixed topo_zraphie I:eature. namely the center of a mapping products (control net. tOl_O,_raphic and albedo
small, nearly circular crater, and more precisely the charts} is based on this new definitiot._ of the prime
center of the circh" best flttin_ the horizontal projectior, meridian. It is recomn,eudcd that the same (.oa,rdinate
_ff the ridge line _ff the crater waiN. system bt. used to locate the rcsult_ of other 31arincr 9J

experiments.

A suaable crater was selected at a special meeting of
the Geodesy/Cartography Group on August 14. 1972. by As mentioned prexiousl.v, the angle from the Mars
H. Masursky and two of the authors _G. de Vaucouleurs. vernal equinox to the Mars prime meridian in the current
*1. Davies,. on a high-resolution narrow.angle picture of NA definition of longitudes is
the Sinus Meridiani area specially taken for this purpose

by Mariner 9 on August 6, 1972. Criteria for the selection V = 148°.766801 + 350°.891962 ¢JD - 2433"_82.5)
of the crater whose center would define the 0-degree

meridian were: Computation of the control net during Novemher 1972 ¢.,

(1) The new longitudes wot,u'_ not differ greatly from tRef. XXXX-12; also see Section XXXIX of this Report)
current Mariner 9 longitudes, using the crater (Airy-0) definition of the prime meridian

gives the angle with the vernal equinox as
_21 The diameter of the crater should be small, of the

order of 1 kin. V = 148°.68 + 350°.891962 (JD - 2433282.5)
(3) It should be geometrically related to a large crater

4

which would be easily recognized on low-resolution Correcting for the improved rotation period, the hour
pictures, angle becomes

The crater chosen is seen on narrow-angle picture camera V = 148°.24 + 350°.892017 (JD - 2433282.5)
frame, DAS 13165361 (MTVS 4296-118, -119, ,120 _. It is

about _-_,km in diameter and lies within a large distine- hnproved values of the constant term in this expression
tire crater which has a secondary crater breaking its south- will come from later control net computations. ":.

- ern rim. This large crater is easily seen on Mariner 6 wide- ._

angle frames 6NIl and 6N13 and:Mariner 9 wide-angle ,'1 _ _ it

pictures MTVS 4164-90, DAS 06499678; MTVS 4166-45, [. ReferenceSpheroid *
• DAS 06571008; MTVS 4212-51, DAS 08045768; and
,_-_ MTVS 4296-111, DAS 13165256. It is proposed that the If the surface of a planet is an oblate spheroid of _-_

_" large crater be named Airy s and the small 00 Meridian semi-axes a, c with a > c, flae planetocentric latitude _, :_
_?_- crater be named Airy-0 (Fig. XXXX-3). The larger crater defined by the radius CP (Fig. XXXX-4), and the plane.

_ is visible longitude 359°.8, -4°.9 the tographic latitude _", defined ,by the normal to the spher-
"Airy"USGSpreliminaryneartopographicMars chart. The precision°n oid PN, are related through

"__f

,_;_, with which the center of this crater is defined on present

_;._] tan _ = tan _" = (I - f)" tan _""I_L_3 sSir George Biddell Air)' was the AstronomerRoyal (Director of ._
_'- GreenwichObservatory) from 1835 to 1881 and installed the

transit instnmaentwhich was used to define the 0* meridian on The difference _b"- _ is zero at the equator and the

Earth {adopted in 1884). poles; it is maximum for _ _ 4_/_, where _" - ,_ -- _. •
i \
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fi_. X,v_xx.3.The ptil_,, meridian pa_,sesthtoulih the center ot the sma|t crater Airy.O
shown in the hlgh-resolu_lonpicture. AirY-Olieswithin the lariie crater Airy which is shown
above in a low-resolutionpicture, Crop) MTVS 4296-111, DA$13165256. (Bottom) MTVS

4296.118. DAS 13165361, _L\_
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_. Group decided at its met'tin_s _t .111i3 15, ltCl. and
March 2,_ 1.q72 to reconmwnd the [ollowing s_'t_ ut ,:on-
stants:

(D For s'ur/ace mappin_ (topography .,]d ,:ll)t,d,_
areographie coordinates should Iw prelected ahm_

\ ¢ th,' normal on to the ,pheroid l::txin_ a circular

- s _?._ equator of radius (a : b ,: R,)

R, ----_393.4 kn,

\ "_ Rj, 375.8 km

corresponding to the dynamical cilipticity 1/192.
Areoe.raphic latitudes (_") should be used (not

areocentric) to conform with usage on terrt_.trial
maps and to better serve the needs of future Mars

c o a landers for which the local vertical will be a natural
reference direction.

Fig.XXXX-4.Planetocentriclatitudeq andplanetographlc

latitudeq" onthe referencesphero,:_. (2) Elecatio_s' of stations in the control net will be
' initially measured with respect to the reference

it, the case of Mars the correct value of f applicable spheroid until a satisfactory planet-wide reference
to the surface was long in doubt, either the dynamical surface (t,e equivalent of the geoid, possibly a
value [,_= 0.0052 or the optical value f, = 0.0105 (Ref. triaxial ellipsoid) is defined from a combination of
XXXX-1L The maximum difference between areographic sources (ultraviolet and infrared photometlT, radio
anti areocentric latitudes (near q, ----_47 -----45°) is ,b" - occultations, Earth-based radar, etc.).
6 --_f _ 0_6 for f. and 0_.3 for f,_ (note that 1° of latitude
corresponds to about 60 km at the surface of Mars). Preliminary Mariner 9 map products were based on
Mariner 9 data confirmed both f,, and [,t. The higher opti- computed areocentrie coordinates at the point where the
cal value reflects the accumulation of mountains and high optic path intercepts a spherical reference figure for
plateaus in the equatorial regions as indicated by the Mars. The intercept point on a reference ellipsoid would
radio occultation experiment: the lower dynamical value in general have slightly different values of radius, latitude,

refers to the average internal density distribution as de- and longitude. For near-vertical viewing used for map-
/ ' rived from the orbital motions of the natural and artificial ping, these differences are on the order of 0.1 ° in latitude

'satellites. _ _ and longitude, which is negligible compared to the un-
certainties of the initial uncontrolled mosaics and maps.

After extensive discussions of the new evidence on the

shape of the planet (occultations, radar, equipotential As explained above, the final Mariner 9 map products
and isobaric surfaces) and considering the needs of va. will be based on a control net that is independent of the
rious mapping applications, the Geodesy/Cartography initial computed coordinates based on a spherical planet.
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XXXXl. PhotogrammetricEvaluationof
Mariner 9 Photography I \ _

S. S. C. Wu, F. J. Sharer, G. M. Nakata, and Raymond Jordan
u.s. GeologicalSurvey,Flagstaff,Arizona86001

K. R. Blasius
Divisionof PlanetaryandGeologicalSciences

CaliforniaInstituteof Technology,Pasadena,California91109 _" -

This section discusses some attempts to produce, with reconstructed through the Optronics Photowrite device
an AP/C analytical plotter, stereo models usmg Mariner 9 i_ a significant improvement over those reconstructed

pictures. The first attempt using geometrically uneor- using a vidicon display.
rected mission test video system (MTVS) imagery failed; <
the second, using corrected reduced data record (RDR) For a preliminary scientific evahmtion of the photo-
Fictures also failed, probaLly because they were reeon- grammetric application and _zeologie study of pictures
strutted through a vidicon display which introduces from the Mariner 9 mission, three models were set up in
additional distortion. By using images obtained from the AP/C analytical plotter at the Center of Astrogeology
RDR tape data through the Optronies Photowrite device, in Flagstaff,-Arizona. Two models were' from the wide-
models were successfully obtained, angle camera (medium resolution), with a 52.267-mm

jL

focal length; and one from the narrow-angle camera ""

By using a histogram of grey levels of each picture, (high resolution), with a 500,636.mm focal length.
the contrast can be adjusted by computer before the pi_. _..

ture is reconstructed. This allows a selection of different ' Because the Mariner 9 mission was not specifically ._
:, contrasts to permit more detail for the purpose' of photo, planned for making three.dimensional photogrammetrie ,_

grammctrie measurements. However, as the spacing be- measurements, in most cases models could be constructed i_
tween consecutive picture elements from which the only by combining pictures that were taken from camera '.,_

pictures are constructed is 50 ttm, resolution is equivalent stations in different o, bits, As a consequence, the pictures
to only 20 lines per millimeter. Even though distortions of the stereo model have different flight heights, different x
still exist in the picture, ::he_-gec.metry of the pictures appearance 9f,.the same surface area caused by shadow-

, a ,'" _, / d

_. ". ' ing effects from different Sun angles, and very unusual

Wublicationauthorizedby the Director, U.S. GeologicalSurvey. model geometry. Setting UP these models called for spe- : f
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c_al uu(.()nvcnti,_al !)h(_tot_rammetric l}roce(hlre_ that 8x2 c2 /
,,¢'r,' ,h,,'[ol,,'d w.,,,,_,the ]at,.st ,,,is_io,, ._ul,port data. I _'/'_ /

I /,
1 :

"l'h,-fi,,t ,,,,d,'l, scl('ch'd ,,',,re ,,f pr,,min¢'nt features / i Bz2// _,(m I1.' .Martiau surf,ice which would Iw of obvious c I 8x1(-) I _._ ,,--_

_,.h)_ie rob'rest. Cont.ur maps were compiled from /:_'/'_ i[,;//
|}11"('1' l,l(}dl.]s: tWO wid('-an_h' camera models _l.,.:atcover ..':' _

H _, ,'

Nix Oi.xmpit,t aml South Spot. and one model of the Bz // . ':_;..' ..

n,trr(_w-,m_h' c,mlrr,l l)hot(_raphy covering the canyon- i /_ . _,_,,,,
land a,ca of the Martian surface'. ...... :/-- ¢'" ,._,:_"_'J

- .¢j,%_

lli_h-,dtitu(h, charact('rjsties of the photo!_'raphy and -' 't '

limitations of the ph)tter _t.omt.tr.v mad(, it impossible to / _ \ It

apply eorr('cti(ms for curvature to models of the wide- -, / _ Ian,_,.le photo,ralph Y. Therefore. contour maps of Nix ' / II'
Olympica and South Spot do not represent their true "
relief. Howew_,r. curvature correction was applied to pro-
files of these areas by an otf-linc PDP-11 computer. The
true ground relief of these prominent features can be

determined from these profiles. Because th-se pictures CENTER 3FMARS
w,_re taken fi'om such n high altitude, displacements due

to ground relief are so insignificant that the pictures can vm• '

be rectified through perspective projection to correlate l
L v

with contour maps compiled from the unrectified pictures. /__\x_A. PreliminaryPhotogrammetricEvaluation n_ sx_
Because l)hotography from the Mariner 9 mission is _ _ x _ _ _ Xm

quite unconventional and because there are no g'ound __'_2
control data, the usual photogrammetric methods and N,,\ //\ _ :'"_N2

procedures cannot be applied in setting up models. In- _ /-stead, special techniques and pro('edures have been ._.
developed t,sing the mission support data. These develop- Fig.XXXXI-I. Geometricconfigurationforsettingup models
ments, as well as the results for the preliminary photo- onthe AP/Canalyticalpiotter.
grammetric evaluations, are described in the following
paragraphs. The longitudinal q, of P_ is simply equal to "VAR1, which

is VAR.5 in the supplementary, experiment data record
' (SEDR) of Pt (the angle between the local vertical and

B. ProceduresforSetting up Models the direction of the spacecraft). Other parameters of P_
ontheAP/C P!otter can be determined as:

Most models el_ the Mariner "9 photography can be
formed only by pictures taken from different orbits (as BX, = (SRR.Q) (sin VARy) (1)

shown in Fig. XXXXI-1). If C_ mad C._are the two camera ' BZ_ = ($RR.Q) (cos VARa) + h (2)
"' stations of the convergent photography a_d Na and N..,

,are their nadir points, respectively, it is easier to obtain where SRR.Q in the SEDR data is the slant range from ,
a model when the principal line N_P_, which contains the the camera station to the principal point. ',_
principal point and the nadir point of the left picture '""

(P_), is set along the X-axis of the plotter and when the The determination of the initial parameters of the right
:' model zero coordinates are set at the principal point. It picture (P,_)is almost the same as P_, as the principal line

is advantageous to prepare initial orientation parameters of P_is coincident with the principal line of P_. However,
this is usually not the case, as is shown in the lower part ,'./,in which both BY and o_of the left picture (P0 are zero.

_" _ ,_ I_ _ ,. JPL TECHNICALREPORT32-1S50, VOL. IV
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1

of l:itL XXXXl-I. The lU-occdure used ill dcterminin_ tilt' (hw(, all initial l)ar:mwtcrs are prepared, tilt. AP/C plotter
initial l)arauwt_.r_ of I'... in this case. is to use the _wen Js used for the rclati;'c orientation.
lon_itudc.s and latitudes of the principal p.int and the
nadir point of ,'at'l, pi, turc. From thew. it i_ possible to It should Iw mentioned that. as there are nt_ ttrotmd

lind the azimuth of V,P,. I _! :. :rod P.N.. Then _x,tp and control point.s tot an absolute orientation, the n_och'l is
\r.x.. which are the diff¢.rt,nccs I)ctw('cn. :P, and P.P.. and .,;cal-d by th," '¢ivt,n coordinates of the two principal

-. N,F, and t'_..V_.,rrslx'etively, can Iw dctermin(,d. Then: points or other rcscat| marks, l.t,vclin_ of the model is
\ usually done ,irl)itrarily by usir,_ thc initial parameters

BX: - [(SRR-Q) (sin VAR.)] cos .X, -: d cos ..X,_,'_(:3) of P_ as a _,uide.

BY: :-- [(SRR-QI (sin VAR.)] sin ..xct-L d sin .X.p (4)
C. Results

B_: -_-(SRR-Q) (cos, VAR:) -_ h (5) The pict.ures used for the stereo model proeessin_ on

,I,. arc tan (BX../BZ,) "_ the AP/C are r,,constructed from the Optronics Photo-
_ ;- ",. (6) write at approximately 3.8× matmification. Information

_,_. :- arc tan (BY.../BZ..) (7) for the pictures is listed in Table. XXXXI-1. _ /(f

where SRR-Q in the SEDR data is the slant range from The base-to-height rati_.s of the convorKent photog- /.'
camera station 2 to the principal point (:f P.:, and VAR_. raphy from the wide-an_le camera are generally larKer _:/

is the local zenith at the principal point of P...as is ex- than 0.5. This Rives a stron_zer geometric configuration :,
plained for P,; d is the distance between the two principal t.or the model from which better heightin_z measurements
points which can bc determined from given coordinates can be ohtained. Therefore, the repeatability of elevation
of each point, readings from tlie"model is better than expected.

Parameters for each picture should be reduced to the As listed in Table XXXXI-1, the standard errors of
me( ' _calc which can bc taken as the photo seah, at the elevation measurements are obtained by making three
principal point of P_, and determined approximately as:

TableXXXXI.1.Photographyandstereomodeldata
f_(1 - tan t,/2 sin t,)

S;, = -- Ht - lit (8) Narrow-
Camera Wide-angle angle '

where Nix South Canyon-
/ Model Olympica a spot t' land_

H_ = RMAGI - R (9) Slant range to the 5582 5252 5123
center of Mars, km 6356 5116 5321

RMAG in the SEDR data is the slant range'from the Tilt at_gle,deg 7.06 . 15.89 2.08 ,
spacecraft to the center of Mars; t_ is the tilt angle (QST " 12.9;. 3.00 18.40
'in the SEDB data); and R is the radius of Mars at the

nadir point of P_. This is determined as: Basc-to-heightratio 0.89 0.53 0.37 ._
Standard Range 0.021 0.025 0.029

error ot to to to /- R = A (1 - F sin: q,) (10) , elevation (km) ', 0.084 0.127 0.061

where measurements Average 0.0,,3 0.078 0.043(6) (5) (5)

A the semi-major axis of Mars 3393.4 km Model scale 1:10,800,000 1:9,300,000 1:920,000 ,¢
aPichtres used for this stereopair are MTVS 4133-93, DAb

F = 0.0052, the flattening of Mars 05492378 and MTVS 4174-93, DAS 0682, }18. :
bpicturesused for this stereopair are MTVS 4224-51, DAS ._

q, = latitude at the nadir point, 08441904 and MTVS 4182-45, DAS 07038748. .'

°Picturesused for'this stereo pair are MTVS 4191-42,, DAS z'_.;'_
h_ = elevation at tim principal point of P_, which 07326763 and MTVS 4273-11, DAS 10132929. _

can be ignored when comparing with Ht ._
>

y, il
)
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Fig. XXXXI-3. Photo map (cuililtuio uncgrrected) and ..nro_fltes(curvature corrected) of
South Spot (original scale, 1:1o000,000) r.nnstructed tro,n wide-alillle pictures MTVS

\_ 4224-51, DAS 08441904 and MTVS 4182-45, DA_ 07038748. Photo base was rectified
picture MTVS418248, OAS07038748.

F;4ure XXXXI-4 is a contour map of a smaU part of the D. Conclusions

Marliau canvonland area. TI, e original map was c_)nlpiled The inain conchlsion reached from this photogram-
at a scah" of 1:100,000 with a prilna_, contour interval -"metric evahlation is that Mariner 9 RDR data can be
of 400 m and with 200-m supplemental contours. As it

_- is possible to correct curvature for scales larger titan processed through an Optronies Photowrite systenl, which
introduces a minimum amom_t of distortion, Imagery

l:l,000.000, this contour map expresses the tnie relief of from both the wide- and narrow-angle cameras can be _

,_ this 4.5-kin region. The area is located at latitude -7.3°S used to obtain topographic information by photogram- ?
and longitude 87.0°. metric methods. Because of unconventional geometric _,

" Figures XXXXI-2 througli XXXXI-4 show contour lines conditions, however, the imagery, can be processed only°,

superimposed on pictures rectified in two stages with a by applying special techniques and procedures and using

_," Bausch & Lomb rectifier. Because of th,.'_hig'""tilts, a advanced analytical plotters such as die AP/C, AS-I1-A
-': two-stage rectification was necessary. " and AS-11-B.

It should be noted that the datum for each contour The elevation reading repeatability of a specific image
"i-' map is arbi.'arily set because of the lack of ground cola- point in the model has produced unpredictable results

trol data• (sec Table XXXXI-1). "l_lemeasurements may not repre-

_', L - '\
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XXXXll. A Study of Martian Topography

_ by AnalyticPhotogrammetry
Karl R. Blasius

Divisionof PlanetaryandGeologicalScience_
CaliforniaInstituteofTechnology,Pasadena,California91109

" When the television experiment for the Mariner Mars While the mission was still in the plea, ng stage, it was
1971 Project was plann6_d, the stereometric potential of realized that the potential for photogrammetry might
the television cameras was ignored in favor of scientific exceed original expectations, so an analytic routine was i
objectives that required only single pictures or multiple prepared to test the quality of any potential stereo pairs :._
coverage without a requirement of different viewing per- for determining relative relief of point features seen in
spectives (Ref. XXXXII-1). two pictures taken from sut_ciently different camera sta-

_{
tions (see Appendix). This technique now has yielded .,

However, as the mission developed, wiL_. onv space- several stereo models of surface features of great geo-
craft instead of two and with a severe dusl storm obscur- logic interest and has demonstrated the potential of the

ing sudace features, a re-evaluation was req_dred, and Mariner t) pictures for construction of contoured topo- ,_

much day-to.day improvisation was necessary. As a result, graphic maps through the use of stereo plotters. This
early in the mission we obtained significant n, ultip!e pho- latter work is in progress and its first results are now

_" tographic coverage of the few surface features that were being published (Ref. XXXXII-2; also see Section XXXXl i_relatively clear of intervening dust. In the equa,_orlal of this Report). This section discusses the photogram.
' regions of Mars, four of these features proved to be great metric potential of Mariner 9 data and the analytically

volcanic shields with local relief on the order of tens of determined topography of certain Martian landforms.
. r kilometers. This discovery, coupled with the availability

_-_ of many overlapphlg pictures, made. photogrammetry _ _.

from Mariner Opictures an exciting possibiiRy. A. Precisionof Relief Measurements !

'_ _Contribution22.50,Divisionof Planetaryand GeologicalSciences, The photographic phenomenon which allows height :
_c Ca|ifomia l_titute of Technology,Pasadena. measurement from photography is termed "relief displace-

.:_ JPL TECHNW,AL REPoi_r32-1B0, VOL. IV % S93
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where

SR t t

_Cc_LC_"_E_'_' , Co _---[. sin (VAR)
PLANE _"

, - H' SR iJ

/ C, _---sin (VAR) /" -_- _,

/. / / (3) ,
N' H' I t

/, C_ --= sin (VAR) f "_t

/ t
\ ,,_ / f

\ / / -H"cos(VAR) SR .

• ' Ca _ sin2(VAn) T

/ /
/ / , The quantities whose variations are shown in Equa-
, ' tion (2) to contribute to -_H fall into bye distinct cate- :

"" \ _t_N_T_V gories according to their effect on a stereo model. Many 1
\ _lus determinations of H' go into the construction of a single

\ stereo model, so random errors in the measurement
\ process may appear ,as inconsistencies in the derived

\ topography (see AppendixL Errors in f, SR, or VAR. on ,
the other hand, create an overall model scaling error. We

\ shall find that predicted random errors in H' account well '
for the inconsistencies observed in the stereo models and

Fig. XXXXlI-1.Basic elements of the geometry of an oblique should dominate the effects of errors in f, SR, and VAR
planetary-sca!e picturehi the pdncil_! plane (the planecontain- in wide-angle Mariner 9 photography.
ing the nadirandthe¢_tmeraaxis).

For a sample error analysis, consider the simple ease
' where one picture of a pair was taken from an oblique

ment." Referring to Fig. _CKXXII-I, in which an object, perspective (the case of Fig. XXXXII-1), and the other
"H," of height H imaged by a camera of focal length f is was taken from a vertical perspective (VAIl = 0). In
represented, we see that tLe image of the top of "H" is Table XXXXII-1, typical values of the parameters of
formed at a point farther from the nadir image, N', than is Equation (1) are given for the members of such a -'
the image at the foot of "H." The distance, H; between Mariner 9 picture pair. The uncertainties in some of the !_
these two image points is the relief displacement of the quantities on the right-hand side of Equation (1) can ,_
top of "H" due to its elevation, if "H" is imaged within a be estimated from work performed by Jet Propulsion '.'
small angle of the camera axis _, these quantities are Laboratory (JPL) scientists. Preflight calibration data i
approximately related by the equation: (Ref. XXXXII-2) gives one-sigma uncertainties in the

focal lengths as listed in Table XXXXII-L :.
H' S_

H= sin(VAR) f (1) In creating a self-consistent stereo model (see Appen-
dix) the slant range, SR, may have to be changed from the -

where SS. is the slant range of the camera from the lea- nominal value for one of the pictures, so the unchanged
ture, and VAR is the viewing angle at the feature mea- SR of the other picture sets the scale for the model. The

sured from the local vertical. _t we take partial derivatives basic quantities involved in calculating SR are the '.radius " _
of Equation (1), we obtain an equation for small changes, of the planet R, the range to the planet's center RMAG, _ :.

AH, in any relief determination in terms of small changes and the tilt angle of the camera axis away from the direc- :
!' in the other quantities: tion to the planet's center. For the small tilt angles 'of our

examples (less than 20° for the oblique pictures)., the
' M'I = Co AH' + C_ A_ + C: ASR + Cs AVAR (2) probable error in SB, ASR, is due to AR, and __RMAG. -_;

i Both preflight and postflight analyses agree that there is -,

' " =Thisis a verygood approximationfor the Marinercameras,whose a _km (1-_,) uncertainty in calculated values of RMAG at
_ angularIteldsareonly 1.*1by 1.'4 and 11"by 14". periapsis. This error scales approximately as acm, s_a_nt '

? _,_?
'. _.' 5fat ---- JPL TECHNICALREPORT_.-INO, VOL. IV " _-_
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TableXXXXII-1.Typicalvaluesof photogrammetricparametersassociatedwith
Mariner9 picturesofthe Martiansurface

Camera SR, km f (± lo), mm VAR, deg H, km H'derivedusingEquation(1), nun

Wide angle 9_× l0s 52.P.b'7± 0.006 30 5 6.'25x 10-_
Narrowangle 2 × 103 500.636± 0.036 30 5 6.25 X 10-t

percentage of RMAG. For the largest values of RMAG The geometric fidelity of the pictures is a complicated
that affect our models, we find A.RMAG = 8 kin. problem that involves the preflight measurement of elec-

tronic and optical distortions created by the cameras and

' Estimating Mars' radius at any location is a very subjec- their removal from returned pictures. A detailed discussion
of this procedure is now in preparation (Ref. X)O_XII-3).

rive matter, as preliminary and scattered data must be In part of the calibration routine, a square grid of linescombined from several sources such as Mariner 9 oeculta-
was used. Accurate determinations of the coordinates of

tion and spectrometer experiments and Earth-based radar about 400 intersections on that grid can be compared with
data. Based on such an informal procedure, we estimate their coordinates on a geometrically corrected image of

- a probable error of 5 lan in the assumed vahes of Mars" the grid. (It is believed that there are several uncalibrated /
radius. Combined with the value of ARMAG given above, /

- sources of systematic, but small, errors in the image co- '\'_
we find ASR _ 10 kin. ordinates.) For both Mariner 9 cameras, the RMS separa- .

tion of the actual intersection positions from their images

A JPL study of the precision of the spacecraft pointing is less than 0.004 ram. If we assume that this figure can be
angles from the positions of ground features in repeated applied to the Mariner 9 pictures generally, we can esti-
photography concluded that they were generally accurate mate 'the probable error for a single point feature position
to better than 0.1°. This translates into a AVAR of about de'ermination, _AP',by combining the effects of picture

0.1° for each photo of our sample stere_ model, since resolution and geometric distortion: :"
they were not taken from extreme altitudes or extremely

oblique pers,_tives. The total AVAR for a model, assum-
ing the ert,ol_; are uneorrelated, is tb,,en approximately _AP'_ [(0..007)_ + (0.004)2]½ = 0.008 mm (4) i
0.15o. -' : .-

Pictureresolutionisthe dominantsourceoferrorhere.

The uncertainty in .U', due to four such determinations, is
The uncertainty in H' is related to the accuracy with estimated as:

which the distance between point f_atures can be deter-

mined in the camera focal plane. Two factors are involved
here: the spatial resoht__',n of the cameras and the geo- _AH'_ [4 (_AI_,)_]_= 0,016 mm (5) _.
metric fidelity of the processed pictures. There is no ,single _

,g

tlgnre for spatial resohtion, as this c|_au_deristic is a func- , Using the foregoing estimates of the parameters in

! tion of the contrast of the target scene. A discussion of this Equation (1) and their probable errors, the terms of the ,}
,, problem in connection with pho_, graphy from spacecraft right-hand side of Equation (2) may be evaluated to check

:: is contained in a recent pap_._ (Ref. XXXXII-1). For this their relative importance. Table XXXXII-2 lists their cal-
error analysis, I use a spo_ial resolution of 0.027 nan (:or- culated values. It is clear that the first term is by far the

• _ responding to a high. rontrast target such as a steep- most important for wide-angle photography; errors due
:_ walled crater ilium./.ated by a Sun low in the sky. The to AH', primarily due to photo resolution, should domi-
_ 7 point features to !::_,located are the centers of such resolved nate over the three somees of error iv overall model scale.
_: features. This _easily done to an accuracy of 0.007 mm.;_," Elevation differences in this model would have to be :

._ (The point t,_atures chosen to constr_ct the stereo models stated with "-4-1300 m" independent of their magnitude. ,i
,,. ,,-: presented later in this section closely approximate this

_:_' ideal.) The derivation of one elevation requires the loca-

',_- _, tion of four image point_, the same pair of features in two For the narrow.angle photography, AVAR should r_sult
_'"_._ pictures. H' is thec derived from the difference in the in an uncertainty in elevation differences of about 4.5$ i'

• ,'_ image ,dist,_nces,between that pairof features. (225 m in _g_00m) in addition to _130 m" due to AH'. '_

" " _: " • .JP_L'TECHNICALREPORT32-111110,V_ IV 595
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Table XXXXII-2. Calculated values from evaluation of terms of right-hand side of Equation (2)

Camera Coe_eient Probable error Contribution to probable error

in H = 5000m lWideangle Co : 8 x 107 _AH'_ 0.016 mm CoAH' : 1280m
Cx= 10_ _M(lu) : 0.006 mm C.l_f : 0.6m ]1
C2: 2.5 X 10-3 _ASR_10kin CzASR: 25m ii
C3: 8.6 × 10am A_VAR_. 0.°15 C3AVAR : 225 m ..

Narrow angle Co: b × 10e _AH'_ 0.016 mm CoAH': 128m .'"
Cx : 104 __J(I¢): 0,036mm CI_M: 0,36m
C2 = 2.5 X 10-3 __SR= l0 km Cz__Sfl-- 25m
C3= 8.6 x I03m AVAR_ 0.°15 C__VAR : _ m :.

-b

A shortened form of Equation (2), including only the the cumulative relief displacement in the two pictures
term due to A_H', can be used to predict the scatter of (subscripts 1 and 2) is: {
relief determinations, AH, in our stereo models: i!

H_-- Hi + H; (7) ;
t

SB where, from Equation (1): "
_AH_ f. sin (VAR) 1.6 X 10-5meters (6)

H' = H.sin (VAR,).

A slight elaboration of the meaning of Equation (6) - (8)
must be added. _AHcalculated by Equation (6) applies to _ i

stereo picture pair consisting of one picture taken from H'_-----H • sin (VAR,.) • _ _-a

a vertical perspective and a second from an oblique per- oxtz

spective. If, instead, we have the more general ease of Thus, H and _AH are given by more general forms of
. two oblique pictures with the camera stations lying in a Equations (1) and (6):

vertical plane at the target on opposite sides of the target, H_.

• " ': _'_- 1.6 X 10-2 :'

I "'-. AH=[_ S_ ]meters ._I/_../'1 - f' "sin(VAR,) + "sin(VAR:) ,

/ 0o) i
r LOCALVI_TK:AL In the most general case, the camera stations of a stereo _;

I/ ATTARGET " pair do not lie in a plane intersecting the ground target
c_ vertically. Then only the components of VAR_ and VAR,.

STATION! '_. _N41 v_2 in a vertical plane at the target contribute to relief deter-\ _ • " , CAMIgtA "_

\ WI_ SR2 t ST_,TION2 minatiom. In Fig. XXXXII-2, we represent the ground

_/ _ target, the camera stations, and the ground trace, labeled _

\_ /// , "GREAT CIRCLE," of a vertical plane through the target. !
We now find the components of VAR, and VAR_ in this

" plane. This is most easily done using a well known identity _
for right spherical triangles. In Fig. XXXXII-2 the two

perpendicular components of VARx are designated q,_ _ :
(in our vertical plane) and ¢0_(opposite angle W1). _ is _.--.

voRAN_r_ ,_ _ given by: ICENTER

- : lag.XXXXl,.2.Qeemet_oftwocanma mee_ tram_ a : tan(_,)= tan(VAR,)cos(W,) (lla) _ ",/'
stereoImlrof obliquepletunmmaybe talum. TimImmlMewnof simil_ly: : ' ,
the _devdngat_, VAR:,Into i_q_ndleullr eampomm_I11Illus- i :

_ trated. OnlyCx/mntrlbut_ to nd_ eClmmlnation_ tan (_) = tan (VARy) cos (W_) (lib) , ,,

q973023947-60q



By using Equations (1), (6), (lla), and (llb), we obtain mark point features whose elevations have heen deter-
generalized forms of (1)and (O): mined analytically. Using four pictures, we have been

able to establish two independent stereo models of Middle
Hi Spot. Elevations in kilometers are given in parentheses

=!-_, S_ )1 (12) next t° the circles as (I' II)' derived fr°m M°del I and
H [' • sin (_bl) + •sin (_._ Model II, respectively. One point has been chosen arbi-

" trarily as zero elevation for both models. The photo identi-
1.6 × 10-s fication numbers and other information concerning the

_an
= r,'. f2 ..1 meters (13) models are given in Table XXXXII-3. The column labeled

[S-_ "sin (<k2)J "Observed general error in model elevations" contains a•sin (4'_)+ _ figure that is half the largest spread of values for the relief

Table XXXXII-3 lists predicted errors in H for stereo between two points. The sample in a model was ahvays
models presented in the next part of this section. These too small to calculate a meaningfld formal error such as a

were calculated using Equation (13). standard deviation, so this estimate was adopted. Note
that, for most models, this figure is within a factor of 2 of

B. Stereo Models the predicted error. _H.

The topography of a number of interesting Martian A validation of the analytic technique is the essential
/ landforms has been derived using our analytic technique agreement of independent stereo models except for a gen-

of photogrammetry (see Appendix). This report has taro eral tilt of one model relative to the other. This is demon-
purposes: the validation of the technique and a demon- strated to be the case for Models I and II by the profiles
stration of the quality of the data for a more thorough in Fig. XXXXII-4. The 15-13 section of each profile is
analysis. We confine ourselves here to a minimum of gee- approximately perpendicular to the remainder, so we are
logic interpretation. Such interpretation and speculation able to estimate the two components of the relative tilt of
is the continuing work of this author and many others the models. From the general error for model elevations
both inside and outside the Mariner Mars 1971 Project. given in Table XXXXII-3, we have calculated the slope

" differences and uncertainties along the profile. These are
The essentials of our first two stereo models, desig- listed in Table XXXXII-4. We observe that Model II dis-

nated Model I and Model II, are displayed pictorially in agrees with Model I only by a relative tilt of about 1°2 to

• Fig. XXXXII-3, a photomosaic of a large volcanic cone the west around the 13-5 axis and 179. to the north about '
/ with a central crater. This feature has been named the 13-15 axis.

"Middle Spot," a reference to its two similar neighbors to "
the northeast and southwest and its dark dot-like appear- Let us now turn our attention to other profiles of Middle _,
ante on low-resolution pictures of Mars taken early in the Spot in Fig. XXXXII-5. The low slopes on the flanks of the

, Mariner 9 mission. Centers of circles in Fig. XXXXII-3 cone and the total relief of about 10 km point to the
g

TableXXXXII-3.Stereomodelsof Martiantopographypresentedinthissection ._

Camera Observed AH

' Model Photomap Feature Approximate Photo DAS focal general error Predicted error .
' Figure location time length, in model calculated from ,_

' mm elevations, m Equation (13), m

" ": I XXXXII-3 Middle Spot 0.05N I13.*W 3858340 500.64
8585894 52.267 _ 9.00 300 _

,_ II XXXXII-3 MiddleSpot 00.SN l13*W 4409.135 59..9.67
711119.8 59..9.67 400 700

_' ) III XXXXII-6 Residual,_outh 86.03S 350.°W "609.9803 500.64
• _, polarcap 83318_9 500.64 300 19.0 I

: _,,; IV XXXXII-6 Residualsouth 86.'8S 5*W 5741963 500.64
j_/ _ polarcap 7791983 ,500.64 ' 300 130
_ ' V XXXXII-7 Nix Olympica - 18*N 133.*W 5499,378 52.9.67' !

:_'_ 6823918 59.367 1000 1350

• ridge 739.6763 _00.64 90 130
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"-°_

,_(__ Fig. XXXXII-3, A mosaic of the Martian volcanic shield "Middle Spot." The pictures have-_ been rectified to • vertical perspective. Pointelevations (in kilometers) in parentheseshave
. : _ been determined by analytic photogrammeby from Models I and II (I, II). (MTVS 4184-54,

• '_' DAS07111128; MTVS 4184-60, DAS 07111198)

basaltic shield volcano as _he closest terrestrialanalog. A models. Again we can account for the differences in the
group of basaltic shields, the island of Hawaii stands profiles with a simple tilt of one model relative to the
approximately10 km above the sea floor,and unmodified other. The axis of the tilt appears to run through points
slopes range from 20 to 12° (Ref. XXXXII-4).The central 36 and 1.
crater ,_f Middle Spot, approximately 47 km across, is,
however, much larger than those associated with early The residual south polar cap is an area of surface frost
shield volcanoes, For example, the summit caldera of observed to persistthrough the southern hemisphere sum-
Mauna Lea measuresOnly 2.4 × 4.8 kin. mer in 1971-1972. The dark strips of defrosted terrain

running through the cap suggest that the underlying
A second pair of overlapping stereo models, on the re- materials are the same as those of a very widespread

sidual south polar cap, is presented in Fig. XXXXII-6. . polar geologic unit now designated "laminated terrain"
_: Figure XXXXII-4 contains profiles common to these two (Ref. XXXXII-5). The name is derived from the narrow
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Fig. XXXXII4. Vertical profiles for comparisonof independentstereo modelson MEddleSpot (Models I and II) and the residual south
polar cap (Modals III and IV).

Table XXXXII4. Systematic differences in topography for the narrow defrosted strip using the profiles for

between Models I and II Model IV in Fig. XXXXII-5. _,

]?rome Slope Slope di/ierence =relative tilt of
section Model I Model II models Because surfaces of equal elevation in our topographic

13-15 0:3 + 0.09. --0:9 --+0.03 1:9. ± 0:4 model di_er from such surfaces on Mars onlv by a small

13-1 2.08+ 0:2 1:5 ± 0:3 1:1 _+0.°4 tilt, we can estimate the relief across the dark strips only
_ ff we systematicady unUlt straight profiles through _t least -
_;. 1--3 0.°8 -.+0.04 -1:0 ± 0.08 1:8 -+ 0.09

3-4 -0:8 + 0:3 -Z:? ± 0:5 0.09 _+0°.8 three points. For example, profile 65--69-92 is shown in
_ Fig. XXXXII-5. Points 65 and 69 lie on one side of thei

,i__ _ strip and point 92 lies on the other, We assume that
points 65 and 69 lie in the same horizontal surface and

parallel bands which seem to follow the contours of the then project that surface on to point 92, which is calcu-

topography. On pictures of the region of Fig. XXXXII-6, lated to lie 175 m below that reference level. This assump.

i!ll which have been specially processed to bring out detail flon of very low relief in the continuously frosted area is

in the dark areas, it is possible to 'see eight bands in the justified by systemic changes in slope observed on pro-

wide defrosted strip to the east and three bands on the files crossing both defrosted strips. Relief across the nat-

narrow strip in the southwest. If these bands represent row strip has been calculated for four profiles (see

stratified geologic units, it becomes important to est_nate Table XXXXII-,5). The stereo model indicates a slope

the total relief across a defrosted strip to place some con. downward toward the southwest with relief on the order

straints on the depositional process. We will attempt this of 200 m.

!
L.
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Fig. XXXXlI-5. Vertical profiles of Martian surface features from six stereo models.

Table XXXXil.5. Estimating relief across i defrosted strip ture such as crater centers, which were commonly used
within the residual south polar cap elsewhere on Mars, we have used dm'k spots of defrosted

and albedo the frost. Such fee-
Profile Pointsheldlevel Derivedreliefacross grouna mar_angswithin

defrostedstrip,m tures have the unfortunate propertyof changing size and

C1-66--92 61,60 _ 270 shape significantly:with time, tending to increase AH'.
67-76-93 67 76

Model V shown in Fig. XXXXII-7 is another Martian
05-69--92 65,69 175 volcano, Nix Olympica. The slopes shown in the profiles
04--67-91 64,67 400 OfFig. XXXXII-5are similsr in angle to those of Middle

Spot, but the base of the cone is larger, so the total relief
Before passing on to another Martian feature, we note from the top of the basal scarp (point 9) to the rim of the 1

the anomalous relationship of the general model error to complex ealdera is about 20 Ion, twice that of any similar
the calculated _H for the souti_ polar cap models. The feature on Earth.

: observed error is approximately twice the predicted error.
This discrepancy may be attributed to the nature of the Model VI shown in Fig. XXXXII.8 represents the limits

; features used in these models. Instead of fixed point fee- of precision att,_inable from Mariner 9 data. A pair of_ t [
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Fill.XXXXII.6,Amosaicof picturesofthe residualsoothpolarcap_"Ufled to a polarstereo.
_aphic projection.Pointelevations(in kilometers)in pamnthrsn havebeendeterminedby
anal_iephotollrammetryfromModelaIIIandIV(III,IV),(MTVS4149-21,OA_ 06029803;
MTVS4221<)6, DAS 08331829;,MTVS4144_27,DAS 05741963; MTVSdi205-102,OAS
07791983)

" _ high-resolution pictures taken near periapsis were used in surfaee resemble those outside the canyon and suggest
its construction. The area is part of the Coprates canyon that this was once part of a continuous sa'etch of cratered

or trough system which stretche._ 4800 km across Mars terrain which has been partially destroyed by the canyon-
between the equator and 20°S. The plateau shown sits forming process. The local relief, about 3.5 kin, represents
inside

a troughover200kmwide,The craterson itsupper material,\ removedto create._the trough, The slopes,up to ,_ .... '_,_
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at least 13.°9, are distinctly steeper than those seen on the section has made only a small contribution to data reduc-
flanks of the volcanoes, but are not particularly steep by tion. We must now start the task of sorting out the stereo
Earth standards, coverage on interesting features and determining which

photogrammetrie techniques to apply• Such work will
Whilo demonstrating a useful technique and testing the certainly take years, and the larger task of geologic inter-

quality of topographic data from Mariner 9 pictures, th"s pretation will proceed for decades.
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"Appendix

A. Scheme for Describing the Geometry L. K = coordinatesof the imageof fe_.tureH in tile
of ObliquePictures focalplane

Figure .X_XXII-A-l"contains all quantities that are ira-
The quantities in Equation (A-I) are related to tile

portant for the dctonnination of relief between point above by:
features seen in an oblique picture. For this report. I shall
merely p_ -sent the relations derived fr,_m 'his diagram x = (K2+ Z:+ p)_ (A-_)
and defer an outline of their derivation to an_,:her place.

The relic4 shown in Fig. XXXXI1-A-! ix the vertical dis- SUBR = tan-1[(Sl - SIA)/x]
lance It which is related to other qua, titi,,s in the diagram

by the basic relation: SI -_ {K=+ [_"tan (TA) + L]z}_ (A-3)

H = H'. SR cos (SUBR (A-13 SIA-_- f" tan (TA) [1 - (K/SI)=]_-x si1_(V *,R_ •

where the quantities are defined: VAR = sin-_[(RMAG /R) "sin (NAA)]

!t = vertical relief to be de_ermined NAA_ SUBR q SUA (A-4)

H" =rehef displacement of the crest of H from its SUA _ tan-_(SIA/x)
feat, i.e.. the length of the image of H in the
focal plane SR = R •sin (VAR - NAA)/sin (NAA) (A-5)

SR = slant range from the camera to the feature H

_ x = distance from the optic eenier of the lens to
the image of h in the _cal plane

SUBR = angle behveen a line, perpendicular to the ,_ .t
direction of H"_,d passing through the optic --7- v,
center of the lens, and the optic path to
feature H ::S

VAR = emission angle at the sudaee at feature H _,:

The quantities bR, x, SUBR, VAR horn which H is cal-
culated are all derived from a more fundamental set of _
quantities deceribing the position and orientation of the .. -_
camera wl,en photographing H. There is a great deal of
flexibilityin the choice of this set but, as an example, we

' shall use tim following: _ _._
*7

) ,%

R = radivs of the planet at feature H

RMAG = range from the spacecraft to the center of ;"

,* the planet ! , -_,

"" TA = tilt angle, the angle between the camera _'

-; axis and the direction to the center of the ,
planet _,_ t ,

:-: f = focal length of the camera -d'_,:/ ' _:t o._ .oc/ ':
• kJ i '7

._,,_. , SPartially based on Imhof, R. K., and Doolittle, R. C., p. 913, in ._
_'_ "Mapping From Oblique Photographs," Manmd ot l'hotogram. Fig.XIOO(II-P-_,.Tl_ _ Of rOlllf, H, ima_l In • olaneta@. _.

• _/, merry,1900. acal•oblklUe,Ok'tuna. _,
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The relationships among the quantifies of Equations such pictures of a hypothetical feature. A and B represent
(A-3), (A-4), and (A-5) are exhibited in Figs. XXYd(II-A-2 point features at the crest and foot of a hill, respectively.
and XXXXlI-A-3. imaged in taro separate pictures. We wish to derive the

vertical relief along traverse AB. This is imaged as Hi in
picture A and Hi in picture B, but the point C defining the

B. Determinationof Reliefof SurfaceFeatures length of Hi and Hi is not imaged in the pictures as it is
below the ground surface vertically beneath point A at

Because real geologic feah-res do not consist of upright the elevation of point B. The location of point C in a pic-

posts or vertical scarps that w_',ld be imaged as H is in ture is inferred from taro facts:

Fig. XXXXII-A-1, we must son,chow infer a relief dis- (1) It is located on a line joining A and the nadir point
placement H' for a feature, for example a hilltop, which N'. An axiom of photogrammetry, which is obvious
is the image of the relief of the hilltop above some point from Fig. XXXXII-A-1, is that relief displacement
at its base. This is possible il ",:,ehave a second picture of is radially outward from the nadir point.
the same feature taken from a dittere_it perspective.

Figure XXXXII-A-4 consists of schematic diagrams of two (2) The ground__distance__BC derived from the image
lengths BC'_ and BC" in the piebtres must be the

_ salne. '-] _ o CAMEP.AST_ iON

') '\

\
SR

' z _

VAR
/

/

R

,",,> (_'_ ,#,t, 5
,v, . (K,L)

_y;_- +k CENTEROF PLANET
d_,, ,

- _.
_ FIE.XXXXlI.k-2. The Ileometryof somequantitiesIn the for_l FiE,]O00(II.A.3.The _ of somequantitiesin the I_nr.I-

,, ._,., piene of an obliquepicture.Somerel_ionsare Iliveflfby Equa. " palplane(the planeoontainlnilthe cameraaxisandthe nedlr)

,_,! tions(A.3) and(A-4). of anobikluepicture(seeEquationA.5).
i
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Tile problem now is to find a pair of distances in the foca_ ,o_ I / ,t

plane, H', and H': which represent the same value of ti __

according to Equation (A-l) and give identical horizont__M ,K

/ground__distances from the consequent image lengths BC_ _
and BC'. Because of the nonlinear nature of Equa- _,
tions (A-l) to (A-5), I have adopted an iteration proee- i

dure. Briefly it is: _._...--'_,_ / _8

(1) Pick an H" and calculate H from (A-I). 8 _ _ _

(2) Calculate H_ from (A-l). __ _NA_Ot._tNr . %/

(3) Caleulat.__ethe gr___ounddistance gC for each photo
from BCI and BC'.

(4) Use the value of (BC, - BC:) to correct H_. NA0t.__tNr

All that remains to implement the above procedure is to

outline a teehnique.._for the derivation of the horizontal c_ .L
ground distance, BC, from its image (step 3) as above.
One scheme is to find the difference of vectors from the

spacecraft to B and C. The coordinate _/stem of these
vectors, centered at O is shox_a in Fig. XXXXII-A-1. If we

• _ :> :> .
label the vectors to _ and., as B and C, respecbvely, then _ "_

their components can be derived from Fig. XXXXII-A-1 c e -
' as;

B

NAB_=-L + f" tan(TA)

BTR= tan-' ( - g./[ l_'A..ces(rA)]} i, ....
(A-e) ,K

By = SRs" sin (NAAs) • cos (BTs) _ _ _AOIRPOINT _'

Bz = SRB'cos(NAA_) Fig, XXXXII-A-4.Schematicdiagramsof • topographicfeature _
observedintwoobliquepictures. ' -_

The components of _ are similarly derived with the up- ' _!

propriate "C" subscript onparameters. The c._rd distance "b" , _

from B to C is just/B- C/. This deviates from the exact above point . The contradictions we find are of the _

distance B--C,following the c.__urvatureof the planet, by form: "' '_i_ less than 1 part in 10_ for BC _ 350 km on Mars. This is
adequate for our work on generally small features. H (1, 2) - H (1, 3) 5# H (4, 2) - H (4, 3) (A-7)

_'_ Given a sufficient number of point features in the stereo

_:_ C. ConsistencyArgumentsto Improve overlap region of a pair of pictures, we can devise any -,

' InputParameters _ number of conditioes such as: _:i_"
If the values of the basic input paramet .rs deserib- H(1,2)- H (1,3)= H (4,10 -H (4,3) _ (A-8) i_

ing the geometry of a picture -RMAG, TA, arid the _ •
orientation angle of the :,'-L coordinate system, 0 in to control an iteration scheme to improve the values of any _3_._
Fig. XXXXII-A-4, are sufficiently imprecise, the elevations or all of flMAG, TA, and 0. The procedure is to hold ,_

derived from point features maybe contradictory. Letus these quantities constant for one of the pictures and let _

designate as H(a,b) the derived elevation of point "a" them vary for the other until conditions such as Equa-
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I

tion (A-8) are satisfied to the desired accuracy. This pro- that in the extreme case, hnaginary orthographic pictures, .,
eedure is commonly termed a relative orientation. It was tile angle betaveen the camera stations measured Cromtile
required to establish Models I!1, IV, and V presented ill ground target is indeterminate. The magnitud:, of this
the main body of this section. Changes required in 0 and angle controls the scale of the stereo model so i_ should
TA were less than 0°.5 in all cases, and only one model be held constant while performing a relative orientation. ',

required adjustment in the nominal value of RMAG. This constraint has bccn maintained in the construction of ' '_
Because the parameters of one picture were held constant, models in this section which were derived from narrow- _ "
tile resulting three-dimensional model of topography may angle photography.
have an overall tilt relative to the local horizontal reflect-

ing errors in TA and 0 for that picture.
/u'thur has shown that the above restriction can be

Caution must he exercised in the performance o_ a rela- avoided if a minimum of three pictures of a feature can be
tire orientation with extremcly narrow-anglephotography, employed. This author has not pursued this possibilit3,
such as that from the Mariner 9 narrow-angle camera, because of tile extreme rarity of such triple coverage by
D. W. G. Arthur (personal communication) pointed out the Mariner 9 nmTow-angle camera. !
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XXXXIII. CartographicProductsFrom the
. ' Mariner 9 Mission1

R. M. Batson
U.S.GeologicalSurvey,Flagstaff,Arizona86001

Simultaneous acquisition of geodetic, cartographic, geo- A. MapFormats
logit, and other scientific data on Mars {TOmMariner 9

1. Systematic Mapping
.required extensive modification of conventional methods
of mapping. Traditionally, topographic mapping precedes The selection of the scales at which Mars would be

geologic mapping, and control net computation precedes mapped, the projections to be used, and the way the
topographic mapping. During the Mariner 9 mission, planet would be divided into quadrangles was based on
however, it was necessary to perform preliminary evalna- the resolution of Mariner 9 pictures and upon the re-
tion of all data simultaneously in order to optimize future sources available over the litetime of the Mariner Mars

data-gathering sequences. The mission lasted almost 1971 Project and of other sources of funding.
- 1 year; during this time data-gathering priorities were

_ continuously modified as a result of acquisition of new In planning the cartography, it was stipulated that the
' information about the planet. In assigning priorities, con- scale of quadrangles used in the systematic mapping be

stant consideration was 'given to the ever-present danger large enough that ar,y feature appearing on the Mariner 9
_,_ that one or more of the on-board sensors could fail at any pictures that could be classified geologically could also be
_: time. Subsequent to mission operations, reporting sched- annotated legibly at map scale. Mission plans called for a

• @_ ', u]es _,nd support requirements for the 1975 Viking Project spacecraft orbital altitude such that 70_ of the planet

•_, required continuation of these rather unorthodox mapping would be viewed with approximate average gcometrie . . _': " proc_.:luza_. The final result has been the generation of resolution of 1 km per television line. A rule of thumb

;_ .4_:-( an inordinately large number of interim cartographic developed by geologists engaged in planetary mapping
products enroute to a final cartographic atlas of Mars. suggests that a feature must subtend approximately
This section discusses the production of the interim prod- eight resolution elements to be classified geologically

_, _ nets, and defines the final ones although, at the time of (Ref. XXXXIII-1). The minimum size geologic annotation
this _ting, final products have not yet been produced, acceptable for clarity was assumed to be I ram. In the

smallest scale map acceptab]e as a geologic base, there- -
_PublicationauthorizedbYthe Director,U,S. C,eologiualSurvey, -fore, 1 mm would represent 8 kin, and the map scale would _. L_

,4 •
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be 1:8,900,000. The nearest scale in common use larger areas of tile planet have sul_icient contiguous narrow-
than 1:8.000.000 is 1:5,000.000. It was therefore decided angle coverage that wide-angle pictures are required only
that 1:5,000,000 woukl be the smallest scah, at which for horizontal control. The two map _eah's planned for
systematic quadrangle mapping of Mars would be made. special maps are 1:1,000,000 and 1:9_50.000,

Tile surface area of Mars is aPl)roximately 145.000,000 3. Map Projections
square kilometers, or 5.8 square meters at 1:5,00,0.000. If
all quadrangles are approximately 0.5 × 0.Sin. :_t lt.ast Four conforrnal map projections are used in the map-
twenty-three l:5.000.000-scale quadrangles would be re- ping of Mars. In conformai projection from an ellipsoid
quired to map Mars. If a scale of 1:1.000.000 were used, to a plane, scale distortion in longitude is the same as that
at least 580 quadrangles would be rc.q,ired. On this basis, in latitude at an), point, implying that small features retain
the choice of tl:e 1:5,000.000 scale was the inevitable their correct shape, even thongh systematic scale variation

optimum. ' is present in the maps. A more complete discussion of map
projections is given in Ref. XXXXIII-4. The mathe-

2. Special Maps maties of the projections are given in Ref. XXXXII !-5.
Table XXXXIII-1 shows the kind of map in which each

Although the 1:5,000,000 scale is accepted by the projection is used. The formulas, as modifP'd from Thomas
Mariner 9 experimenters as the basic scale for the sys- and Adams, used to construct the projections are given in
tematic mapping of Mars. special purpose maps will be the Appendix. In accordance with recommendations by
made at other scales. All Mars maps will be published at the Mariner 9 Ceodesy Cartography Croup, areo_aph!c,
one of four scales, differing by factors of 4 or 5. The use rather than areocentrie, coordinates are used for all maps.
of a limited set of map scales facilitates comparison of

similar geologic features. For example, comparison of two The quadrangle layout scheme for the 1:5,000.000 sys- _:
kinds of volcanoes is simplified if both are mapped at the tematie mappin._ is similar to that devised for the Moon
same scale, rather than if one is shown at 1:5,000,000 and by the U.S. Air Force Aeronautical Chart and Information

the other at 1:1,000,000. Center (ACIC), and was designed to meet the following :
criteria:

A prime requirement for any reconnaissance mapping
pro_gram is a small-scale map of the entire project. Such a (1) Number of quadrangles must be kept to a minimum. J

map was compiled at 1:25,000,000 from Earth-based ob- (2) Quadrangles should be as close to the same shapes
servations by de Vaucouleurs and Roth (Ref, XXXXIII-2) and physical sizes as possible.
before the Mariner 9 mission. A shaded relief map at the
same scale has been published by the U.S. Geological Sur- (3) Quadrangles should join on their east and west !
vey (Ref. XXXXlll-3); it was compiled from preliminary boundaries, rather than on north and south, thus "
data and is intended as a pictorial representation of the providing a continuous strip map of the equate-
planet. It does not incorporate the geodetic information rial zone to simplify preparation of a 1:25,000,000 _
derived from Mariner 9 data, so that discrepancies in rela- planet-wide map and to support the Viking mission
tire placement of features are present, as well as variation whose area of interest is the equatorial zone.
in interpretation of their prominence because of incom-
plete electronic processing of the source materials at the The layout shown in Fig. XXXXIII-1 meets these criteria, ]
time the map was made. A final version of this map will The quadrangles in this scheme extend across more de- _ :.

- be produced at the end of the systematic mapping pro- grees of longitude than of latitude, which suggests the use
; gram, and will incorporate all known and usable geodetic, -of projections with classical orientations, rather than
_.,-: topographic, morphologie, and albedo information, transverse orientations to minimize internal scale varia-
_, - tions. Such proieetions meet the third criterion, because

Large-scale maps are required for special scientific they can be joined together on their east and west boun-
_'-" study and for study of Viking landing sites. Although the daries. Accordingly, polar stereographie projections have
_. resolution of Mariner 9 wide-angle pictures does not, in been selected for the polar regions for latitudes higher

general, justify their enlargement to scales larger than than 65° north or south. Lambert conformal projections
_iz'_ 1:5,000,000, extra map area is required for legible per. 60° wide were selected for the north and south latitude

_,_: trayal of complex geologic relationships. Pictures taken bands behveen 30° and 650. Mercator projections, each
_ by the narrow-angle camera have ten times the resolution with dimensions of 45° in longitude by 30° in latitude,

.-" - of the pictures from the wide-angle camera, and some are used in the equatorial zone. The quadrangle layout,
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Table XXXXIII.1. Mars mapping projections

Map scale Format Projection Standard Remarksseries parallels

65°N to 65°S Mercator 0° K?_ : 1.99219
0° to 360°W K_ = 1.00000

(i.e., scaleat equatoris 1:25,000,000;
scaleat 60°N and 60°S is 1:12,549,000)

1:25,000,000
90°N to 55°N Polar stereographic K?_ : 1.99"219
0° to 360°W (chosen to match scale of

Mercator projection at 60°N and 60°S
55" to 90=S latitude; scale at 60°N or 60vS is
0 ° to 360°W I : 12,549,000)

1:5,000,000 T_. _bands Ofeight quads Mercator 0° Keq : 1.0000
each between 30°N and 30°S. /Go - 1.1532
Each quad, 30° latitude by : (i.e., scale at equaior is I:5,000,O00;
45* longitude scale at 300N or 300S is 1:4,335,761)

1:5,000,000 Two bands of six quads each, Lambert conformal 59.17"N K_o = 1.1532
65°N to 30°N, and30*S tu 35.83°N K_5: 1.1611
65"S. Each quad, 35* latitude 35.83*S (i.e., scale at 30*N or 30°S is
by 60* longltude 59.17°S 1:4,335,761; scale at 65*N and 65"S

is 1:4,280,822; chosen to match scale
of 1:5,000,000 Mercator series at
30°N and 30°5)

h5,0o0,000 90°N to65*N Polar stereographic K;5 : 1.161!
0° to 360"W (i.e., scale at OS°N or 65°S is _'

1:4,286,822 chosen to match scales of

65°S to O0°S 1:5,000,000 series of Lambert con- i
0° to 360"W formal projections at 65°N and 65°S) :

1:1,000,000 Specially selected areas. Polar stereographiv K = 1.00O00 at central parallel
Quadrangles cover approx 600 from 90°N to 65"N (i.e., scale at central parallel =
to 800 km by 600 to 800 fun and from 65*S to I: 1,0O0,O00)

90°S
Transverse K = L0O0O0at central meridian ,_
Mercator from 650N
to 65°5

1:250,000 Specially selected =ureas. Same as 1:1,O00_000 K : 1.00000 at central meridian "_
E

_ Quadrangles cover approx above
2O0 x 2001on

with correct relative sizes and shapes, is shown in (3) Tramverse Mercator projections can be drawn of :_
=[ Fig. XXXXIII-I. The areas covered by the quadrangles areas anywhere on the planet with minimal scale

i_, are shown in Fig. XXXXIII-2. Spec/al interest maps at variation.Throughout a 1:1,000,000map, therefore,
_C- 1:1,000,000 and 1:250,000 are compiled- on transverse 1 mm will correspond very nearly to 1 lon.
.__ Mercator projec,ions rather than those selected for the

- l:5,000,000maps. This decision was made because: 4. Quadrangle Nomenclature

:i! (!) There is no requirementfor compatibility between The quadrangle names shown in Figs. XXXXIII-1 and
_$_ pmjections on special maps and those on the XXXXIII-2 were adopted by the Geodesy/Cartography

• 1:5,000,000maps. Group of the Marb_' 9 Television Team. Since these
quadrangles will define and coincide with named prov-

S (2) The areas to be mapped at the larger scales are inces on Marsthat will be partof a new systemof Martian

i_; scattered randomly over the planet, and some lie surface feature nomenclature, the names are subject to
on latitude boundaries between the 1:5,0_0,000 approval by the NomenelatureCommittee of the lnterna-

_ _ quadrangles. __ tional AstronomicalUnion (IAU) at its meeting in August
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1973. Some quadrangles will be published before IAU By the systein outlined, a 1:5,000,000 shaded relief map
approval of the names is official, however, and may there- of Mals with latitude boundaries of 0"- and 30_S and
fore carry unapprovcd titles, longitude ",undaries of 45° and 90o\V is designatod

M 5M-15 68R. Designations of all quadrangles are shown
An abbreviated alphanumeric quadrangle nomenclature in Fig. XXXXIII-1.

-scheme is useful for filing and locating maps. An initial
working set of arbitrary numbers from 1 to 30 was as-
signed to the 1:5,000,000 quadrangles, as sho_"a in 5. Feature Nomenclature

Fig. XXXXIII-1. Arbitrary systems of this kind become It will be apparent to anyone familiar with Marinet
cumbersome and less useful as the number of maps in- pictures of Mars that an entirely new set of namvs must [.
creases. Another system, requiring minimum reference to be devised for Mars, because the classical names used bv I.
a glossary of codes, was therefore devised for the Mars astronomers (see Ref. XXXXIII-6/since Schiaparelli refer
maps. It was purposely designed to be compatible with only to vague light and dark markings visible telescopi-
future mapping programs of planets other than Earth and cally from Earth. These markings are large and diffuse,

the Moon, The number of maps of these two bodies is and very few of them appear related in any wav to the
large and varied, and no single system exists for them. complex topographic features that will dominate fl,'ture

maps of Mars. The derivation of an entirely new set of
The alphanumeric quadrangle designator code for Mars designations that will almost certainly number in the

maps has four parts: thousands is an extremely complex matter that is the

(1) An alphanumeric prefix _dentifying the planet. If responsibility of Commission 16 of the IAU. A more
the system is applied to other bodies in the solar thorough discussion of the problem and proposed solu-
system, the planet Mercury would be designated tions are being considered by the Mars Nomenclature
"Hermes" (H). Venus maps would be prefixed "V". Working Group headed by G. de Vaucouleurs; proposals
Minor planets would be designated by lowercase will be submitted to Commission 16 of the IAU in its 1973
letters. For example, if a map of Ceres is ever corn- meeting in Sydney, Australia. It seems that at least one
piled, its prefix would be "G'. Designations of maps generation of the Mars maps will be without names.
of satellites would have two-letter prefixes, in which
the filst initial is that of the primary body', and the
second that of the satellite. The designation of a ft, Map Controls

map of Phobos would thus be prefixed "MP." Initial versions of the maps must be controlled solely

(2) The scale oi the map. This is the denominator of by Mariner 9 telemetered orientation and spacecraft track-
the representative fraction in alphanumeric nota- ing data, because the data for deriving map controls were
tion based on the International System of Units. For gathered at the same time as were the map data, and
example, a 1:5,000,000 map is designated "SM" and reporting schedules require simultaneous processing. The
a 1:250,000 mar'is designated "250k." result is that the first cartographic products from the

Mariner 9 mission are controlled by camera orientation
(3) The location of the area mapped. In some terrestrial and position data which were based on obsolete astro- i,_

- map designations, the latitude and longitude of a nomieal definitions of the spin axis and system of longi- :
: map corner point is used. Users of Mars maps fre- tudes. Products compiled after September 1972 are -.

quently know the coordinates of features in which controlled by a preliminary network of horizontal control _'
they are interested, so Mars maps are being desig- points derived by Davies (Ref. XXXXIII-7). These points ,,_
nated by their center coordinates (to the nearest are related to a newly defined spin axis and Mars first '_,

:_ degree only). Planet-wide maps not in quadrangle meridian (Ref. XXXXllI-8; also see Section XXXX of this

", format will have this designation replaced by a Report), This net will be refined and augmented, and as
_,,: simple numeric code, the new controls become available, subsequent maps will

(4) The' kind of map (i.e., controlled or uncontrolled be compiled to them. The results will be that some earlier _
_'_,: mosaic, shaded relief, etc.), An abbreviation or code maps will eventually be reissued with graticules shifted

i consisting of three letters or less is invented at the to agree with the final control net. Some recompilation of

• _ time a particular type of map is compiled. No at- early products will undoubtedly be necessary where I,

_' , tempt has yet been made to define more than a few simple translation does not produce satisfactory issues.
of the Mars map types that will eventually be The reference spheroid for the areographic coordinate

,:':,_ published, system has an equatorial radius of 3393.4 km and a flatten- ,
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ing of 1 192, corresponding to values obtained by Earth- atmospheric pressure, which varies as a function of tern- ,_,based observation, perature and other factors. The S-band occultation experi-
ment, on the other hand, recast, red geometric radii of the

Data from non-television sensors have been used to planet. The relationship between these data sets and a
measure topographic spot elevations on the Martian sur- reference geoid is not obvious, and must be resolved
face. These sensors include: before meaningful contour lines can be drawn.

(1) Infrared radiometel (IRR : (3. Neugebauer, Cali-
fornia Institute of Technology, Principal Investiga-
tor (Ref, XXXXIII-9; also see Section XXI of this B. Map 0ata Processing

' Report). 1. Computer Processing

(:_ ,,Infrared _interferometer _pectrometer (IRIS): R. As the digital picture data were received on Earth, they
Hanel, Goddard Space Flight Center, Principal were processed for mapping purposes according to the
Investigator (Ref. XXXXIII-1O; also see Section XX sequence shown i, Fig. XXXXIII-3. First, they were
of this Report). processed by the mission test computer (MTC) for recon-

(3) Ultraviolet spectrometer (UVS_: C. Barth,University stitution into a video image for display on television moni-
of Colorado, Principal Investigator (Ref. XXXXIII- tots in the Space Flight Operations Facility (SFOF) and

for recording on 70-mm film by the mission test video
11). system (MTVS). This image was first displayed in its raw

(4) S-band occultation: A. Kliore. Jet Propulsion form. Then, the signal was processed to correct approxi-
Laboratory, Principal Investigator (Ref. XXXXIII- mately for known camera shading characteristics; its con-
12; also see Section XXXVI of this Report). trast ,:'as enhanced, and this "shading corrected" image

was disp;ayed and recorded. Finally, the high-fi _quency
(5) Goldstone and Haystack dish 'antennas, used to part of the signal was amplified, and this "high-pass

measure topography in the equatorial re,on by filtered" version was displayed and recorded. Vertical and
radar (Refs. XXXXIII-13 through XXXXIII-17). horizontal high-pass filters were used on pictures taken

(6) Celestial mechanics experiment, which utilizes during all but the first part of thc. mission. Thus, each
spacecraft tracking data to aid in the development picture was displayed and photographically recorded four
of a reference geoid: J. Lorell, Jet Propulsion times in near-real time. '
Laboratory, and I. Shapiro, Massachusetts

Institute of Technology, Principal Investigators Tape recordings of each pict.'-e have been reprocessed
(Ref. XXXXIII-18; also see Section XXVI of this to remove electronically induced geometric distortions, to
Report). correct for photometric distortions, and to enhance con-

trast. These reduced data record (RDR) versions
Data from the above experiments, when correlated with were i

television images, can be used to compile very generalized photogranhically reproduced by the Jet Propulsion 4

topographic contour lines over very large areas of the Laborator_ _.ordistribution to the Mariner 9 experimenters ;' _
• and to the National Space Science Data Center (NSSDC).planet. Many convergent stereoscopic picture pairs were

obtained of specific features, which, ,.'nsovae cases can be The digital tape recordings of this version were filrther \
used to help establish the relationship between data from processed to the central picture projections of the images
the various non-television sensors, in add;.tion to eompil- to transform standard map projections for cartographic
ing detailed large-scale maps of the features themselves purposes.

___ (Ref. XXXXIII-19; also see Section XXXXI of this Report). '
2. Real.Time Mosaics

Vertical elevations must b_ related ;o an equilibrium

surface, so thai slopes with respect to local gravity vectors As the pictures were received, it was necessary to ar-/
'-_ can be derived from the contour lines. For example, if a range them in some comprehensible array for display and

'_"_.' map indicates the presence of a channel that might con- evaluation. Compilation of the necessary mosaics is corn- , "
_- ceivably have been formc_'bv fluid erosion, it would be plieated by the elliptieitT of orbit of Mariner 9 and the _i
_,_- important to know the gradient and direction of such consequent scale variations of the pictures in each pass.
_:" flow. None of the sensors mentioned above measured Mosaic control gratieules were therefore designed with
_, ', topographic relief _th respect to such a datum. For ex- appropriate scale variations with latitude to accommodate

::,. ample, the ultraviolet spectrometer measured sudace the pictures. '_,

;r .P ','., JPL "fECHNICALREPORT32-1550, VOL.'iV 615

1973023947-620



..... - .... '-, - -- ..... _ I
• I i ii i "" Ill an •

\



t

•e '- , ,. •

...-_ I_• AIL"_,• _°

•\i '_ ' "__ ,",_,._.LI_J

Fig.XXXXlII-4.Partialreal.timemosaicofMariner9 high-passfilteredpicturesofthePh_niclsLac,,squadrangle.Goresbetween
stripsofpicturesintheeasternhalfofthemosaicwerefilledonsubsequentrevelut_ons.

The mosaics were made by placing the pictures on the ferences in the zones of overlap between pictures, because
graticules of meridians and parallels using the latitudes scale varies solely with latitude only in the case of a polar
and longitudes of the corners by tracking and orientation orbit, and because some pictures were obliques rather
data. A transparent copy of the graticule was placed over than verticals.
the completed mosaic (Fig. XXXXlll-4). Separate mosaics
were compiled with shading corrected pictures, and with 3. Uncontrolled Mosaics :

high-pass filtered pictures. In the latter, high-frequency When preliminary analytical picture processing was
topographic detail and small light and dark markings are

complete, but before the production of RDR and trans-
enhanced, whereas broad topographic and albedo carla- formed pictures, a second generation of mosaics wag made
tions are suppressed. In the shading-corrected pictures, (Ref. XXXXIII-20). A set of templates was made for eachbroader albedo variations are dominant.

picture in each 1:5,000,000 quadrangle, showing the pro-
jection of that picture at map scale. The untransformed

Mosaics prepared in this way fulfilled the functions for pictures were then fitted to the templates as closely as

which they were designed. They provided a rough view possible by optical enlargement. Although these pictures, ,i
of coverage; they showed approximate latitudes and longi- especially those taken with more than a few degrees of ',,

, tudes of features; and they showed gaps in coverage. The camera tilt, could not be made to fit their footprints ,_
mosaics are rather crude, however, because of scale dif- precisely, the set of mosaics compiled with them proved,,,
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Fig.XXXXIII-5.UncontrolledmosaicofMar/norg opticallyscaled,high-taessfilteredpicturesofthe Phoe_licisLacusquadrangle.
i

to be a great improvelnent over the real-time mosaics after the pictures were received, attr_ting to the utility of
*_ (Fig. XXXXIII-5). Discrepancies in placement of images in the airbrush method as a tool for making useful prelimi-

overlapping frames were as large as 12 mm at 1:6,000,000, nary sketches and drawings, as well a._ fina'i maps.
, or 60 km on the planet. Even though such mosaics are

rather poor in a cartographic sense, they are sufficiently 4. Semi-Controlletl Mosaics
accurate and coherent to serve as bases for,preliminary When transformed RDR pictures became available, a

geologic mapping. , third ge,eration of mosaics was made by methods similar
to those utilized in compiling the uncontrolled mosaics.

Because of large camera Ults over the south polar It was not necessary to make templates to scale the pie-

region, this method could not be used with pictures taken tures because scale factors computed during the transfer-
of that area. A preliminary shaded relief map was there- matlon could be used for precise sealing. The tracking

"_ fore prepared (Ref. XXXXIII-21). Transparent latitude/ and orientation data were again used as control in making
i longitude overlays were placed over the untransformed the mosaie. The graticule, on which the most recent ,

_ MTC/MTVS pictures, and were transferred manually to available control points were plotted, was fitted to the
a polar stereographie projection. After this crude sketch completed mosaic by superimposing, as well as possible, ' /
was completed and discrepancies between pictures ad- the control points over their images in the mosaic. Image-

iusted, the features were drawn and enhanced with the position discrepancies were reduced tenfold in this set of
• airbrush. The map was completed approximately 2 weeks mosaics, and the refined processing resulted in pictures of _

iI
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Fig. 1000(111-6.Semi-controlledmosaicof Mariner 9 RDR pictures,transformed to I
Mercator projection,of the PhoenicisLacusquadrangle.

more uniform tone. The.distractingedge et_eets present pictures in a manner which minimizes discrepancies to
in the uncontrolled mosaics (Fig. _v_KXIII-6) also were be used in the mosaic (Bef. XXXXIII-22; also see
ameliorated. SectionXXXIXof this Report).This set of mosaicsutilizes

/_ photographic prints from the same negatives as those
',, C. FinalMapPreparation used to preparethe semi-controlledmosaics.Thesecon-

The cartographic products described were designed trolled mosaics provide the basis of the final published
primarily to aid in cataloging picture data and to provide maps.
a basis for preliminaryseientille reporting.As the pres-
sure of mission operationshas subsided, it has been pos- 2. Shaded Relict Maps

sible to bzgin preparationof an atlas of pictures and maps A map that is a useful base for portrayal of scientific
with lasting scientific utility. This will require a fourth information has several properties. It has uniform ground
generationof mosaics:..:_and_- ,afinal merging of topographic resolution and illumination throughout so that apparentdata from

non-,mat;,nt;e_t_e,imen,s, topographic variationsare real and not induced. The map
contains all available topographic information that can be

1. Controlled Mosaics presented within the constraintsimposed by image reso-
. A final set of mosaics will be made, controlled by the lution and map scale, Map details areportrayedso as not

primary,geodetic control net and by a secondary net of to interferewith overlays of scientific information.On the
horizontal controls derived by a mutual fitting of the b_is of previousexperience with hmar mapsand with our
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own ettorts to make maps from Mariner 6 and 7 pictures, in composite topographic and geologic maps. Ex'tensive
the airbrush shaded relief method was tentatively selected interpretation or over-interpretation on the part of the
a_ the best way to make the t_nal Mars maps. This teeh- airbrush cartographer is avoided, lest the final drawing
nique has been used suceessfally by tile U.S. Air Force become an "artist's rendition" rather than a map. To
ACIC to make lunar maps at a variety of scales using ensure that the eartographpr has included and accurately
Apollo, Lunar Orbiter, and Earth-based telescopic obser- Imrtrayed all significant structural detail visible in the pic-
vation and photography. These maps can be prepared tures, the final product wi/l be c_tieally reviewed by II
quickly by skilled cartographers, and can incorporate the geologists who will use it as a base for geologic mapping.
full range of detail that never appears in single pictures It

of an area. The topographic portrayal is made to empha- The shaded relief will be supported by contours, or

size only the high-frequency information, thus avoiding more accurately by form lines, based on the vertical con- P
broad tonal changes that distort colors in geologic over- trois mentioned. These rather general curves will be .,

prints. Significant alhedo variations are mapped sepa- medified locally to be in accord with the shaded relief b
rately from the topography so that they need not appear renderhags.

i:
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Appendix

ProjectionEquations

,t = longitude Scale factor for polar stereographic projection:

4, = latitude /_, = 2a_ (1 - e: sin"_¢)_/r cos 4, (9)

s = scale where

r = adopted radius = 3393.4 kan
a_.= [r/t(1 - e_)_] [(1 - e)/(1 + e)]'/=

e = adopted eccentricity = 0.101929

4,,. 4".,= standard parallels for Lambert con[ormal k_ = 2.213446 = klk,/ko for k, and kp at +__65° latitude
projection = 35.83 °, 59.17 °

Transverse Mercator Projection
t = tan (45° + 4"/9.) [(1 - e sin 4"/2)/(1 + e sin 4"f2)] _/"

x = s {nxcos4"+ (_3 cos'4"/6)
Mercator Projection .:

X [1 - tan =4"+ n=+ (;_=cos=4"/20)x = s_'_, (1)
X (5 + 14,1=+ tan'oh- 58_/2tan=4"-- 18tan_)]}

: srh t (9.) (10)
Scale factor for Mercator projection:

y = s { [s, + (nX2 cos=4"tan _I,/2)1+ (n_' cos' 4,tan 4"/9A)

k,_ = see 4"(1 - e2sin=4")_ (3) X [5 - tan=4"+ 9_=+ 4_' + (x=cos=4"/30)

Lambert Conformal Projection X (61 + 270_ =+ tan"4"- 830,/=tan =4, - 58 tan =4")]} ::

x = sa,k, cos !_, (4) (11)

Scale factor for transverse Mercator projection:
> _ _ y = sa_k_sin iX (5)
_ K = 1 + x=cos =4"/_, [1 4- ,_=+ (,X=cos_4"/12)

Scale factor for Lambert conformal projection:
X (5 + 14T/=- 4 tan=4"- 28,/= tan=4,)] (12)

k, = a, ! (1 -- • =sin" 4")½/rcos 4, (6) where
- where

#_= [1 - (1 -- _)tt]/[1 + (1 -- E2)½]
", n,= rio -,-E=sin=4",)_

b = 1.5_(0.75_=/2 -- 1)
+_. _ = rio - e=siq_i=)_i

$ " t, = tan(45 ° + ,I,,/2) [(1 - esin,i,x)/(1 4-esin4",)] '/= c = (15/4) (_'/2)(1 - _=/l) :

_" d = -85_?/12
C" _ t2 = tan (450 + _I,_/2)[(1 -- e sini_)/(1 + _ sin q,:)]'/_

_ i = log [(n_cos@,)/(_ cosi,)]/log (t,//_) e = 315_V64 ._. __- --

a, = n,tl cos i, lit' '_' = _ c°s= il(l - e=) '-

k, = .1.125895 = k,,l_ for k_ and k, at±30°htttude ....... _,--- i + stngi [b + cos _I, (c + 0.5_ - e sin__I ,)

" --_ + 0.75_ - d sin* 24,]
Polar Stereographie Projection . _ ....

" ' _= sa_k_cos_, (7) s,= r,,{1-_,+ [0,'- _,_)/41[-5 +9_,VIO(_,'-9)]} +_
, _= _k, sinx (8) . = r/(1- e sin',i,p
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XXXXIV. Preliminary Albedo Map of the
South Polar Region

Gerard de Vaucouleurs, James Roth, and Claire Mulholland
Department of Astronomy

University of Texas. Austin. Texas 78712

./ Tile accompanying preliminary albedo map of tile south Team for the proposed combined photometric and tope-
polar region in stere,graphic projection was prepared graphic 1:5,000,000 Mars Atlas• The original art work is
mainly from the Jet Propulsion Laboratorys mission test on the corresponding scale. The latitude circles are at 10

video system (MTVS) prints before rectified and gridded spacing: the longitude meridians are traced at every 5 °
prints were received, but some adjustments were made to up, to -85 ° and every 10" between -85 ° and -89*.
conform with a semi-controlled photomosaic prepared by

, tile U.S. Geological Survey in Flagstaff. Wherever possi- Excluding the ice cap, the average visual (A _-"0.56 tan)
_:, ible, use also was made of the crater coordinates derived albedo of the south polar regions estimated from Earth-

--- " <: by M. Davies at The Rand Corporation. based telescopic data is about 0.10; the depicted albedo
- markings are estimated to range from about 0.03 to 0.04
i_ Two versions of tile map are presented: one with a for the darkest spots to 0.10 to 0.12 for the lightest areas. "

coordinate grid overlay (Fig. XXXXIV-1) and one without (Photometrically corrected versions of the Mariner 9 pic-
it (Fig. XXXXIV-2). Tile grid overlay was prepared at hires were not available.)

_.. Flagstaff under the dilection of S. Wu. The precision of --

_, the coordinates is generally Within 1" in latitude _ and The south polar ice cap remnant covers a roughly
• t! the corresponding arc (1" see in longitude. The maps elliptical area measuring about 7 X 5 areocentric degrees,

_r:t show both the albedo markings and, with subdued con- in good agreement with telescopic data for the late
._ " _!i trast, the craters and lop,graphic features that are neces- summer of the southern hemisphere. -Notwithstanding

_, sary to locate the former. The map covers the range of occasional statements to the contrary in the literature, this

" latitudes from -65" to the south pole, corresponding to south polar remnantnever vanishes completely, except-for

, ' Mars Chart Nr. 313in the scheme adopted by the Maflner 9 understandable telescopic limitations (Refs. XXXXIV-1,

_J" , JPL TECHNICAL_REPORT32-1550, VOL. IV , (t25
, -. . _
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Fig. XXXXIV-1. Preliminary albedo charts of the south polar region of M_rs from Mariner 9
data in polar stereographic projection with coordinate grid overlay. Note that contrast is
exaggerated by photographicreproduction.

pp. 205, 212; ReL XXXXIV-2, p. 36; Ref. XXXXIV-3, tious of tile past cel)tury were in good agreement to i,,

p. 22; and Ref. XXXXIV-4, p. 27). Tile same remark holds locate this point near longitude 23", latitude -85* (Ref. i

for the north polar cap (Ref. XXXXIV-5, pp. 313, 317). XXXXIV-6, Circ. No. 3), the new map shows it near
The fi.al phase of the rapid shrinkage of the south polar longitude 4,5*, latitude -87", a displacement of 2,5
cap was recorded hy Mariner 9 in the first month of aerocentric degrees. ":

orbital operation: no further significant reduction was '_
ohserved. The rapid decay of the large and ol_viously The difference is in part due to the change in the
thin, peripheral surface deposit during early summer adopted direction of the spin axis (Ref. XXXXIV-7; also

: contrasts with the insignificant reduction of the residual see Section XXXX of this Report), but most of it must "
_ cap after mid-summer. This hehavior suggests a two- probably he ascribed to the difficulty of deriving, from
"' component model for the polar caps: a "hard core" of Earth-based observations, precise coordinates near the

i, water ice (perh,q)s relatively thick) near the pole and a poles.
thin overlying and widespread seasonal deposit of dry
ice. The infrared ._pectral reflectivity data might provide A comparison of the albedo distribution with the top-

_': a check for such a model, ography is assisted by reference to telescopic observa-

tions of the large-scale albedo markings seen in the polar :
:, The Mariner 9 data are significantly at variance with regions at different phases of the seasonal evolution of ....

_'-' older telescopic data on the location of the centroid of the south polar cap. Figure XXXXIV-3 shows the appear-
the residual ice cap. Whereas the best telescopic obserw_- ante of the south cap in the early spring of the southern :,-

('_, 626 ; JPL TECHNICAL REPORT 32.1550, VOL. IV "
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Fig. XXXXIV-2. Same as Fig. XXXXIV-1 without overlay.

hemisphere from observations made i:l JmR.-July 1971 Hypernotius Mons. visible near tile pole in Fig. XXXX]V-4 .:'
near L_ = 220° with the 76-cm reflector of the USG$ is not seen as a brighter or distinct entity in the early
Observatory near Flagstaff and the 155-cm reflector of spring view of Fig. XXXXIV-3 when large dark areas .:'
the Catalina Observatory of the University of Arizona known as Depressio Magna (near 270*) and Depressio 'i_

near Tucson (Ref. XXXXIV-7; see Section XXXX of this Parva (near 180") are prominent. The latter apparently _
XXXXIV-4. hased on earlier data at vanishes without trace when the icy deposit evaporates _i_Report). Figure

correspondil]g oppositions (1911, i926, 1941, 1958), shows later in the spring, hut the north boundary of Depressio _'_:
the expecte appearance of the polar rew,'::.nt and surface Magna seems to correspond closely with a long, curved

...... markings- nero_ L., -_- 320_--eorrespondir,_ to a nominal rim visible on the Mariner chart between longitude 260*,
date of January 1, 1972, approximately matching that of latitude -75* and longitude 320*, latitude -80*. The

the Mariner map in Fig. XXXXIV-1. Note that Figs. * USGS topographic map indicates that the drop is on the
XXXXIV-3 and XXXXIV-4 show a slightly larger area south side so that "Depressio" turns out to be an appro-

('b < -60*) than Figs. XXXXIV-.I. and XXXXIV-2 priatedesignation for thealbedomarking.
(q, < -65'). Figure XXXXIV-3 shows the familiar bright ;
promontories near the edge of the seasonal cap, namely,

" Mons Argenteus near longitude 30", Thyle I near 160', Very little else in the topography of the polar regions

_i Thyle II near 240", and Novus Mons near 320". Novus seems to correlate closely with the albedo markings of the
' Mons contracts to Novissima Thyle (the "Mountains of telescopic views. This is consistent with the results of

L Mitchel") at a later phase of the seasonal evolution of the radar observations at lower latitudes which first brought
cap. Note that the polar cap remnant, designated as out this remarkable lack of general correlation between .

JPLTECHNICALREPORT32-1550, VOL, IV 627
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Fig. XXXXIV-3. South polar cap of Mars with large-scale Fig. XXXXIV-4. South polar regions of Mars with large.scale

albedo features near L, = 220 ° from telescopic observations, albedo features near L = 320 ° from telescopic observations.
Compare with Fig. XXXXIV-2.

albcdo and elevation. (This does not preclude close cor- on tile floors of many craters. Some l_rger craters have
relations in localized areas sueh as the Coprates eanyon.) several such spots, hut most small craters have just one,
It nmst be kept in mind, nevertheless, that the MTVS and there is a tendency for the spots to be offset from
pictures were processed to emphasize small-seale topo- the crater centers in the same general azimuth for all
graphic details, and therel)y eliminated completely any craters in a given area. This property is not limited to the
albedo differences on a scale larger than the averaging polar region, and it has heen noticed in other areas of the
length. (Photometrically corrected versions may later planet. It i_ suggestive of windblown dust accumulating

force some revisions of these tentative conclusions.) l)referentially in specific areas relat;ve to the surrounding ,
:, topography. The hright and dark "comet tails" associated

The most remarkable of the small-scale albedo features with some crater fields in other parts of the planet are '_
are the mnnerous small, dark patches eccentrically loe_lted probably a related phenomenon.

\ i
-\
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Appendix

" ExtendedMissionOperationsSummary
M. E. Goble

Jet Propulsion Laboratory/California Institute of Technology, Pasadena, California 91103

At the start of Mariner 9 orbital operations on Novena- TableA-1. Marfner9 extended mission events
her 14, 1971 (G.MT), the standard mission was scheduled

to last for 90 days and to end on February 11, 1972: Event Date 1972 (GMT)

however, because _f the unexpected dust stoma condi-
tions at tile planet, the standard mission was continued Complete standard missionmapping Feb. 29 rl--

until tile beginning of the first solar oceultations occur- Start Sun occultations (first period) April 2 i
ring on April 2. The extended mission covered the period Start Earth occuha_ons (second May 6
from April 2 until the end of spacecraft lift, on October period) !
27, 1972. Extended mission events are shown in Table A-1. Final Sun occultation (first period) June 5 !

r Playback of flrst extended mission June 9
tape load

Tile objectives of the extended mission were to:
Final Earda occultation (second Jnne 26

(1) Preserve tile spacecraft as long as it could obtain period)
meaningful scientific data. Solar superior conjunction September 7

Start Earth occultations ( third September 27

(2) Gather unique data around superior conjunction pcriod)

on September 7, when Earth and Mars were on Start Sunoccultations(second October4
- opposite sides of the Sun. period)

(3) Receive high-latitude data to complete global Final high-gain antenna maneuver October 17
nmpping, pla:,'back

Last usabledata fromMariner9 October27 (17:41) \

(4) Supplement data with additional occultations that End of mission (end of track) October27 (23:41)
could be observed.

(5) Continue the celestial mechanics experiment.

tions, reduced manpower, and unavailability of stations.
(6) Obtain continuing variable-features coverage and Although the objectives were met, near the conclusion of

observe specified Viking landing sites, the extend,_d mission, all systems, ground stations, and
the spacecraft were being used beyond their design mar-

Manpower was appreciably reduced during the ex- gin, thus making operations extremely difficult. '_
tended mission because personnel were released to other

projects to curtail costs. Further, only the 64-m antenna From April 2 through June 5, the spacecraft flew into !
at DSS 14 (Goldstone, Calif.) could receive data from the shadow of Mars brietly during each revolution, under-
tile spacecraft. With an increasing distance from Earth going solar occultation. An automatic sequence was de- ,_
and other constraints, as described below, it became more signed for the spacecraft to operate under central '_

difficult and time-consuming to send commands and computer and sequencer (CC&S) control during these
receive data from the spacecraft, periods. Although an occultation occurred each revolu-

, tion, only the zenith revolutions were visible when DSS 14

" (,- Although it was known that the Mission Operations was tracking; therefore, the _equcnce was designed to be
_ System (MOS) stafllng would be reduced substantially, it independent of ground command. Because the Sun could

was assumed that the operations would be simplified not be used for attitude reference during occultation, the

;_, enough that the objectives could be met with less effort spacecraft was placed in an all-inertial modb during
_. th_n before. This assumption was not correct. The ex. occultation periods. The duration of the solar occulta-
_,, tended mission was in many ways as challenging as the tions varied from a few minutes to approximately 1.5 hr
:_ standard mission because of the complexity of opera- at the maximum, with the longest occultation occurring

,_.._"_,, JPL TEC.HNICALREPORT32-1550, VOL. IV ,. -_ 631 "
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1
on April 23. During these times, electrical power normally caused by the geolnetry of the spacecraft in relation to

provided by the solar panels was not available, requiring tlw planet Mars and its aspect angle with Earth. A third- [I
shutdown of the on-board science instruments for the order filter was i_stalled in the S-band receiver at DSS 14 i

entire period. Only engineering subsystems and heaters to help remedy a receiver out-of-lock condition. The filter I

were on as required, and only the S-band occultation eliminated out-of-lock occurrences during periapsis, and [
and celestial mechanics experiments were able to acquire valuable data were obtained for celestial mechanics and i
data. other experiments. The only problem encountered with

the third-order filter was the difficulty in locking the

It was known at the time the trajectory was de- receiver, but this problem was eliminated as experience
signed that Mariner 9 would at times enter the shadow was gained in operating the equipment.
of Mars and expcrience solar oceultations. However, the

Project considered survival of the spacecraft beyond solar After observing Mariner 9 during occultations for
occultations as a secondary objective because of cost about 3 weeks, it was determined that gas cunsvmption
factors and anticipated technical difficulties. Nevert,e- w_,.s greater than expected because of the at, omatic
less, the knowledge gained from other lnissions in which acquisition each time the spacecraft came out of occulta-
solar occultations occurred was used v'henever possible; tion and acquired the Sun. As the gas supply was critical
operational personnel, informed of the importance of to the lifetime of the spacecraft, it was important to
having the spacecraft survive solar conjunction, care- minimize the effects of this prul,lem. B.v _ending a DC-32
fully analyzed all data to assess spacecraft performance, ground command once per revolution, the spacecraft was

placed in an inertial mode. This mode required one-

Durin_ tb," 66 days of solar occultations, certain space- fourth the amount of gas and did not require the space-
. zraft eh,ments, for example the attitude-control gas jets, craft to perform an automatic acquisition.
dropped below approved temperature limits. The solar
panels frequently reached extreme temperatures for The best tracking data for use in the study of the

: which they had not been tested. Twice each day they gravitational anomalies of Mars were obtained during a

were subjected to thermal shock on entering the shadow 5-week period starting approximately on April 23, These
and then exiting into the bright sunlight. Although oper- data were available as the geometry presented the space-

'_ations proceeded normally, it should be noted tlmt the craft in an "edge-on" orbit, as viewed from Earth at
readable lower limit of the solar-panel temperature periapsis.
transducer was -124°C; yet, by extrapolation, it ap-

peared that the panels were experiencing temperatures Earth oceultations, ranging from about 44 to 90 rain
of-157°C, in duration each revolution, resulned on May 6 and

continued until June 26. Fortunately, despite the limited
During the week of April 12, tests of the 400.kW trans- command time between the start of track and the start

mitter were performed at the 64-m antenna site because of Earth occultation, it was still possible to transmit the
the transmitter would be required during the critical DC-32 commands.

period centered areund superior conjunction. Many prob-
lems were encountered during these initial attempts to On May 11, the gas leaks, which had occurred pre-

use the transmitter. As a result, the 20..kW transmitter viously in the roll jet, were increasing noticeably and
was used while a "tiger team" identified and ,_olved the jeopardizing the remainder of the mission. The CC&S was,

problems with the 400-kW transmitter. When Apollo 16 therefore, programmed to dear the jets by appropriate j
was launched, Mariner 9 was not tracked for 4 days be- command at specified intervals. These commands were

cause of the priority of the 'Apollo mission, used instead of the previous prt.cedure of sending ground
' commands to turn the gyros on and off because the _/,

As the distance increased between the spacecraft and spacecraft was tracked only periodically by DSS 14. .:
Earth, the threshold of 33_._engineering bps was reached _:

on April 15. After that date, unless the spacecraft per- Later, because orbit geometry, as viewed from Earth,
formed a high-gain-antenna maneuver, the data rate was changing, the DC-32 commands 'were not trans-
available woul d be 8t,i_bps. mitted because DSS 14 could not view the spacecraft i:

: when required. To avert this problem, the Project
On April 19, it became difficult to maintain receiver decided to send the commands "in the blind." The pro-

lock at periapsis because of the high Doppler rate cedure of sweeping the uplink and sending commands

632 JPL TECHNICALREI:ORT32-1550, VOL.IV
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tt't)m a 26-m station was initiated by DSS 62 on .May 17. After the engineering tests, the next phase of the
At each occurrence, the commands were sent six times Maril_er 9 operations was started. Tile objectives of this
for a reserve and to allow telemetry verification when phase were: (1) to complete the mappin_ of the rt'_lon
the spacecraft was tracked by DSS 14. 40:N latitude to the north pole, an area previously ub-

scured by the north polar hood, and (:29)to examine tlw

topography of the 20 to 30 proposed Viking landing sites.
From May 20 to May 24, the Pioneer Project was con-

ducting a unique experiment which prohibited the normal On June 8, data were again recorded, and 31 pictures
tracking of Mariner 9. DSS 14 would track Mariner 9 were received at Earth on June 9. The extended missio,a
for a short period of time before the spacecraft entered playback profile is shov, n in Table A-2. This playback
Earth occultation, while DSS 62 maintained the two-way was conducted both at 4 kbps and 8 kbps. At 4 kbps,
uplink. This interval allowed "'ahmble occultation data good spectralinstrun:ent data were obtained, which _.vel'e .q

to be received and, in addition, permitted a limited not possible at 8 kbps because of tl.e, si_n_l-to-noise_ ' ' IlI[
amount of telemetry to be acqtlired to assess spacecraft ratio. The pictures indicated that the obscuring north _
performance, polar hood had din, inished sufl'icientlv for the television \ !

cameras to phgtograph the north pola. terra'in.

From the start of the standard mission, the exciter

drive continued to decline slowly with a reduced signal During this period, conti,auing Earth occultations re-
received at Earth. Analysis indicated that, if the redun- duced the available playback time by about 1.5 hr. To
dant exciter was switched in, an increased signal strength obtain as much playback time as possible, the initial
should be obsel_,ed. On May 30, the exciter in the radio commands to start the high-gain-antenn.l maneuver, trans-
frequency subsystem was switched from position 2 to mitted from DSS 62, were timed so that the spacecraft's
position I, and an approximate 1.3-dB increase was ob- high-gain-antenna beam would be directed toward Earth

' at the time of DSS 14 acquisition of the spacecraft. By this
served by the ground station. The !.3-dB increase per- technique, the maximnm available time was obtained

mitted 8 kbps to be received when the high-gain-antenna for playback of science data.maneuvers were initiated. These maneuvers were re-

quired to permit reception of high-rate scienee data at
Earth. Analysis of the spacecraft data indicated that the pro-

posed mission plan for this phase, which called for two
high-gain-antenna maneuvers per week for 9 weeks, was

On June 1 and 2, CC&S updates were loaded for a,tic- in jeopardy because the attitude-control gas was being
ipated science and engineering tests. On June 4, the consumed at an excessive rate. Thus, the spacecraft might
Canopus tracker was turned on for the first time since not be able to perform the high-priority superior con-
the start of Sun occultation, and Canopus was acquired, junction test of relativity for the celestial mechanics ex-
On June 5, the last of the solar occultations for this perinaent. Although it appeared that taro gas bottles were '_
period was observed. An engineering maneuver was preferred to ensure that the spacecraft control would be
conducted to point the high-gain antenna at Earth to symmetrical about its axis during the relativity test, the i
receive data. The science instruments were then turned celestial mechanics experimenters determined that one !

on and evaluated. In addition, a solar-array test was bottle would be sufficient.
conducted and revealed that the science instruments _ .'

were working well. The television cameras were cal- Based on this conclusion lave maneuvers per week
,ibrated, and some meaningful data were obtained by the were allowed in June, one maneuver on July 10, and one _ "3

-,: ultraviolet spectrometer and infrared radiometer. A ma- maneuver on August 7. This strategy was designed so .,
neuver was performed to roll the spacecraft to Arcturus, that some attitude-control gas would still remain for i

_' because the acquisition of this star was required for superior conjunction and, hopefully, so that four ma- '
planned science sequences. Further analysis showed that neuvers could be completed after superior conjunction I

.sO interference from Deimos was expected. To circumvent to observe long-term changes in Martian surface features.
_" this situation, the CC&S was programmed to prevent the

_. interference. However, Phobos also entered the traeker's The high-gain-antenna maneuver performed on July ;
,_ field of view, causing loss of lock on Arcturus, and a roll 10 was unique in that science data were acquired on three

_-'_'_ search for Canopus occurred. About 0.018 kg (40 mlb) revolutions instead of two. This scheme permitted the,.¢, , ,

L: of attitude.control gas was expended in this search, experimenters to select targets which could not otherwise
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: TableA-2. Picture playbackprofile of extendedmission

/

,/ tdsition Hi_h-gain a."J'nna maneuver Nunlber of Number o[
pi¢tu res Reference '

Date 1972 pictures achlally star
Date 1972 (GMT) Revolutlon_ (GXIT) Revolution anticipated received

June 8 and 9 416 and 417 June 9 418 30 31 Arcturus

June 11 and 12 422 and 4'. ¢ Junc 12 424 30 31 Arcturus

June 15 and 16 '_430 anti 43] Jtme 16 432 '30 31 Arcturus
z

June 18 and 19 a36 an:l 437 June 19 438 3(1 30 Archtrus

June 22 and 23 444 ant1 445 June 23 446 ' 30 30 Arcturus

June 25 and 26 450 and 45]. June 26 452 30 30 Arcturus .

June 29 and 3(1 458 anti 459, ' June 3(1 460 30 31) Arcturus "\

July 7, 9 and 10 473. 478. July I(l 480 , 3(1 30 Canopns a
and 479

August 3 and 6 528, 529, August 7 536 t30 30 Canopus n
.rod 533 -j

Octol)er 11 and 12 667 and 668 ' October 13 6"70 30 29 Vega

October 15 anti 16 675 and 678 October 17 678 30 27 Vega

Total 330 "iotal 329

al)ata taken on three revolutions: July 6 nadir and July 9 and 10 zenith/nadir.

_'Zenith/nadir revolutions on August 3 and 4: nadir revolution on August 6. '

be obtained. Following the playback, the spacecraft was formed to prevent permanent damage to the hydrostatic :,
comnmnded into the roll-drift mode, which had been bearings. The rcquired maintenance was performed ahead
used during the Sun-occultation period. During t;ie roll- of schedule, and tracking was resumed on July 80.
drift mode, the Canopus sensor remained on, although
not in a control loop. This mode allowed all stars that Starting on August 16 and continuing until October 19,

came within the field of view to be identified, and thus the Project dedicated its entire effort to gathering ranging
the roll rate of the spacecraft conld be dqtermined. -_ and Doppler data for the prime objective of the relativity

portion of the celestial meehanics e:_periment, The critical

The CC&S load fer the August 7 playback was the period for the relativity test wa_ the 7 days before
most complicated to date and illustrated the operational , and after superior conjunction. At that time, the 400-kW
difficulties experienced. The CC&S load was designed transmitter was considered the prime transmitter and
to program the spaceerait data recording sequence was used until the end of the celestial mechanics experi-

covering three revolutions (the third separated by three ment. The transmitter was operated on alternate passes at ,! '/
intervel,_ug revolutions), and to guard against possible in- 9_,00kW and 400 kW to determine which was the most '"k .
terference by stray light from Phobos and Mars. Because reliable mode of operation. It was decided that 400 kW

'; the capacity, of the on-board computer was exceeded, c_onld be utilized most effectively d_iring the critical /.

'_ _,,,:_-,S_i the load was divided between 2 days. W_,ile performing superior conjunction period. Ir_ addition, a special voice _ ;
this load, a time-critical operation was accomplish_,d by net was established temporarily for the duration of the !_ ._ ,

_,._. _" sending a command at the correct time to acquire experiment. This net (called "ranging advisers")allowed ,_ -

Canopus just as the star appeared in the tracker field of the ranging adviser to discuss technical problems and
_:_' view, thereby sa,'ing gas because the spacecraft did not questions directly with the personnel at DSS 14, and the

_ have to operate in a roll-search mode. net was monitored by personnel in the SFOF.

,;_ The P_oject relinquished support from DSS 14 from It was known that the ability to receive engineering
._ July 23 through July 30 so maintenance could be per- data would degrade and eventually ,]t:=appear from ap-

, • ,_ ]
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proximattl._ I0 days before until 10 days after superior were ineorlmrated .as needed and usualiv were operative

c_njunction. This condition was _atLsed by tile increasing on tile next day. Spacecraft command was resumed ,as
signal-to-noise ttmperaturc of the receivers at DSS 14 required on Septembec 20. The quality of the data con-

as the spacee._tft traveled directly opposite to the Earth tinued to improve and was a,:ceptable by the end of t
on the other side of the Sun. The normal rt_eeiver ten,- September.
perature at DSS 14 is approximately 30°K; with the fl

solar effce! caused by the spactxrraft and the Sun. as seen A series of engineering tests w:LS conducted from
irrom Earth. having the same celestial longitude, the September _ through October 17. These tests dealt pri-
temperature rcacbed apl-,roxi,*mtely 600_K, thereby pre- marilv with the radio frequency subsystem and the fligilt I!

venting telemetry data reception, oommand subsystem, but tests were also performed on the j/

The spacecraft was programmed so that no additional solar array and the pyroteelmics subsystem. A special
spacecraft cyclic events (2A events), which would turn Phobos long-exTmsure picture was obtained to assess the
the _m,.'.ing channel off. would be issued after August 28: camera's capability to perform the optical navigation re-
and the last us;dlle engineerio_ data before superior quired in the Mariner Jupiter/Saturn mission. I.
conjunetion were obtained on Au_mast30. The greatest j
distance i_.tween Earth and Mars for Mariner 9 was On October 4, Mariner 9 experienced its second series t
r,._Iched on August 31. when the two planets were sepa- of solar oceultations. However, during this phase the
_ded by about 399.817,000 km _248,435.000 mi). On that spacecraft c_ntinued to gather science data. To eonsep.,e
day. the rt,und-t_p iight time to and from the spacecraft gas, the spacecraft had been operating in a roll-drift.
was 44 rain. 06 sty. The first usable engineering telemetry rate-controlled mode since August 7. On October 11. the
after superior conjunction was received at the SFOF on spacecraft lock(d onto ihc stm Vega to provide better
September 14. 1972. Telemetry readings of the gas bottles viewing of Mars. Twenty-nine pictures were received on
showcd that one bottle was r_tding zero and the other October 13. They were of excellent qualit 7 and showed
was readin_ 8 DN. However. the limit cycle appeared a clear north pole. Some spectral instrument data were

' normal, which indicated that even though the low bottle also obtained. This was the first science data returned
read zero. SO,ill gas reinaitied in both bottles, from the instruments since August 7.

On August 28.at DSS 14, one of the two 750-kXVdiesel At the onset of the solar occultation phase, DC-82
o_enerators used to power the 400-kW _ransmittet, when commands were initiated from DSS 14 and DSS 41 to
on . ttxiliary power, experienced a major failure. The
75 ,-,_,Vgenerator was retumeJ to Los Angeles for repair, conserve gas. as in the previous solar occultation sequence.
:ud was operating again by September 4. The majo: Another high-gain-antenna maneuver was performed,• with 27 pictures and spectral data received on October 17. :

effect of losing the generator was that the station trans-
mitter oould have operated onl.v at about 175 kW instead
of the desired 400 kW while on auxiliary power. The spacecraft was permitted to go into the roll-drift

mode after playback on October 17, as the next science

The ranging data were analyzed by the ranging ad- sequence would be obtained using the star Can,pus.
risers, and ,as the spectrum became worse, the receivers In preparation for the science data-tracking sequence on
were observed to be out of lock more often. To retain October 23, an attempt was made to acquire Can,pus.
receiver lock, thereby gathering the required ranging data It had been predicted that the acquisition of Can,pus _

,_ for the relativity test, a programmed local oscillator would be difficult becanse of stray light problems from _
(PI.O), which atttomatically adjusted the :eceiver in a Mars and its satellites. The acquisitior, of Canopns was

'_- preprogrammetl manner, was installed in receiver '2 at started at the beginning of track and required most of :_
DSS 14 on September 8. The PLO worked well and re- the day. Many problems were encountered because of the: t
tained receiver lock on the signal most of the time. uncertainty regarding which object had been aequired. In

;_ Superior conjunction occurred at 4:00 a.m. September 7, addition, the spacecraft logic was in an undesirable state

i_: 1972. Mars, with the spacecraft in orbit al.xmt it, passed and caused the consumption of about 0.009 kg of gas. i
- _( within approximately 1" of the Sun _,,viewed from Earth. After Canopns was acquired, an analysis indicated

_-_. that the Can,pus tracker was in a degraded state, which _

_ of third-order _,lter and caused_the initial acquisition difficulty. Acquisition wasIn addition to the ihelusien a,

_._: the PLO in the receiver, other modifications continually accomplished by stepping the Canopns tracker from -
. '_'_., were made in the Mu-ranging pro-ram. The modifications brightness gate 1 to brightness gate 2.

"_(e _" "°' \
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Near tile conclusion of end of track on October 25, tile tur,. However, duriug the activity, tilt, ,,,as was ex-

there was a critically low gas supply in the spacecraft, bau_ted, and tilt, turn could oot be stopped. The space-
Therefore. for the first time, the Mariner 9 downlink was cratt continued to ray," as the low-gain autemm ap- t

tamled of[ by ground command. This preeautim,a,) pro- proach_,d the Dredieted null. aud tht' last data from _'
cedure was taken so that, if the spacecraft had a real- the Mariner9 spacecraft were received at 17:41:10 G\IT. II
function and could not be commandtxl, the .'_lariner 9 Procedurt_ were initiated immediately to turn the space-

radio sigaml would not interfere with future programs, craft off. The spacecraft then entered Earth occultation.
E;irlv on October 26, Mariner 9 responded to a corn- which prevented further attempts to enter commands.
mand to tuna t_he radio signal back on. The plans were It

revised so only two recorder tracks of science data would After the spacecraft exited occultation, it was observed
be played back. insttad of four tracks, to conserve gas, that the spacecraft signal was being momeutaril.v locked
The spacecraft radio was again commanded of[ in prepa- every 51 rain, which was in close agreement with the "
ration for tile high-gain-antenna maneuver on October 27. tumble rate prediction of attitude-control personnel.

With that knowledge, a timed uplink sweep was per-
Early on October 27. commands were a.-_,ainsent to formed to acquire the spacecraft and to obtain a corn-

turn the Mariner 9 transmitter on: the spacecraft re- mand lock while the low-gain antenna was pointed [
spol_ded. Telemetry analys:s showed that the spacecraft toward Earfla. A series of commands was sent to tuna the
was extremely low on gas. and the limit c.vch, was not transmitter off: the last command was sent at 22:10:00
normal. The one remaining gas bottle was below regu- GMT. The last signal from Mariner 9 was recz.ived at
lation pressure. A meeting was held to determine whether 22:31:00 GMT.
or not the high-gain-antenna maneuver should be at- _' '

tempted. There were, at this time. 15 pictures on the The end of miss,'on operations, and the end of a very i
tape. The decision was to proceed with the maneuver, successful 31ari,er 9 mission, was declared at 23:41:00
The spacecraft performed z zero roll turn as programmed. GMT on October 27. 1972. at the end of track by DSS 14.
When it was time to exercise the yaw turn, the spacecraft Mariner 9 operated for a total of 515 da) s. 19 hr. and

took approximately 2 rain to gain near-normal speed for 18 min with a total inflight time of 12.379 hr and 18 rain. :


